Broadband Echosounder Calibration and Processing for Frequency Dependent Target Strength and Phase Measurements by Verma, Arti
Faculty of Science and Engineering  
School of Electrical Engineering, Computing and Mathematical 
Sciences 
 
 
 
 
Broadband Echosounder Calibration and Processing for 
Frequency Dependent Target Strength and Phase 
Measurements  
 
 
 
 
 
Arti Verma 
 
 
 
 
 
 
This thesis is presented for the Degree of  
Doctor of Philosophy 
of  
Curtin University 
October 2019 
 
 
 
 i 
 
Declaration of authorship  
I Arti Verma, declare to the best of my knowledge that this thesis contains no material 
previously published by any other person except where due acknowledgement has been 
made.  
This thesis contains no material which has been accepted for award of any other degree 
or diploma in any university. 
All the data collection and experiments conducted in relation to the PhD were performed 
according to the Australian Code of Practise and the use of animals for scientific purpose. 
Date            15/10/2019 
 
 
 
 
 
 
 
 
 
 
 
 
ii 
 
Dedication  
This thesis is dedicated to the two pillars of my life Rohan, and Punit. 
 iii 
 
Epigraph 
 
"There's nothing wrong with enjoying looking at the surface of the ocean itself, 
 except that when you finally see what goes on underwater, 
you realize that you've been missing the whole point of the ocean. 
Staying on the surface all the time is like going to the circus  
and staring at the outside of the tent." 
― Dave Barry 
 
 
Dreams are not those which comes while we are sleeping,  
but dreams are those when you don't sleep before fulfilling them." 
― A.P.J. Abdul Kalam  
iv 
 
Abstract  
The interpretation of backscattered echoes collected by a broadband echosounder is a 
challenge due to the complicated dynamics of the acoustic scatterers, the surrounding 
environment and the complexity of the system. This thesis aims to address these 
challenges by examining four particular aspects: 1) calibration of echosounder for target 
strength measurements; 2) characterisation of the geometrical and directional properties 
of the transducer; 3) extraction of the target phase and calibration of the echosounder 
for the target phase measurements; and finally, 4) the application of the three methods 
to obtain the acoustic signatures of in-situ marine organisms. 
An algorithm was developed to calibrate the echosounder using the transducer system 
response as a function of frequency and the off-axis angle. The echosounder was 
calibrated for target strength by exclusively using the amplitude part of the system 
response. Whereas the same instrument was calibrated for the target phase by utilising 
the system response in the complex form. 
A series of experiments were conducted offshore in Hobart using the Simrad EK80 
scientific echosounder set to two transmission ramp settings' fast' and 'slow'. In 
accordance with a standard calibration set up, two spheres were used. Off-axis 
measurements were compensated using the system response calculated for the 
corresponding position. When compared to the compensation achieved with standard 
beam pattern model (modified Bessel function), the results exhibited a lower Root Mean 
Residual Error for both spheres at both ramps. As an advantage, the method did not 
need an evaluation of the effective beamwidth and took into account any variation from 
the nominal value. 
Later the optimum geometrical parameter (the ratio of the distance between two centres 
and the radius) and the directional parameters (beamwidth and the beam pattern) of the 
transducer were determined. The method used an inversion approach by minimising the 
sum of the square of the difference between the measured and the modelled beam 
pattern. Minor variation in the parameters was observed from the respective nominal 
value. The results also confirmed the assumption of the broadband transducer as a 
transducer of a constant geometrical parameter. 
Further, in a novel approach by using the complex system response, the broadband 
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echosounder was calibrated for the phase measurements. Three different variables were 
introduced to visualise the phase; absolute, differential and the residual phases. The 
frequency response of all the three-phase variables exhibited insensitivity to the target 
position within the acoustic beam and to the ramping of the transmit pulse. In spite of 
complications in signal processing, the differential and residual phase spectra agreed to 
the theoretically predicted value. This is significant as it confirms that the broadband 
echosounder can be confidently used to measure the target's phase response 
The research uses the data from the two scientific surveys conducted onboard the RV 
Investigator in the Great Australian Bight region and the Southern Ocean. During the 
investigations, a set of simultaneous acoustic and optics data were collected from the 
mesopelagic depths (~200 – 1000 m) of the regions. Exploiting the developed 
techniques, the frequency spectrum of the target strength and the residual phase of the 
in-situ targets were obtained. A unique 3D spatial transformation technique was 
designed to provide ground-truthing to the single targets detected on the echogram in 
the still image. It was a complicated procedure as it involved three different coordinate 
systems (echosounder, world and camera) and technical operations such as rotation, 
translation, and scaling. Multiple targets were successively matched to their concurrent 
image. Through examples, the acoustic signature of three optically verified organisms; a 
squid, fish and gas inclusion targets were drawn. 
The frequency response of the target strength and the residual phase of a spherical 
target was matched to the prediction, an inclusive numerical scattering model that 
predicted both the signal amplitude and phase. For a given set of parameters, the target 
strength-frequency response was matched to the measured value and for the same set 
of parameters, the residual phase spectra also matched to the predicted output. This 
result verified the concept of a target-induced phase distortion as a possible classifier 
and its potential application in the remote identification of marine organisms. 
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Chapter 1 
 
 
General Introduction 
 
Echosounders are instruments used to detect and locate echoes based on the principle 
of acoustic scattering. A basic echosounder comprises a transmitter, which feeds electric 
signals at a given frequency to a transducer that converts it to short bursts of sound, also 
known as pings. The acoustic waveforms propagate through the surrounding medium 
(water in this case) and undergo scattering from the objects present in the water. The 
backscattered echoes propagate to the receiver where they are converted back to 
electrical signals. They are then amplified by the receiver to compensate for the 
transmission loss and subsequently filtered, decimated and stored. The signals are then 
analysed to retrieve information about the scatterers such as location, size, material and 
even orientation. 
Since the late 1960s echosounders have been used as a non-invasive synoptic tool to 
remotely study the marine organisms (Barham, 1966; Batzler, & Barham, 1963; 
Fernandes et al., 2002). Acoustic scattering is a complex phenomenon strongly 
dependent on the scatterer’s physical and material properties, including its orientation 
and even behaviour (Foote, 1980; Martin Traykovski et al., 1998; McClatchie, Alsop, Ye, 
et al., 1996; Ona, 1990b; Simmonds, & MacLennan, 2005; Warren et al., 2002). Accurate 
interpretation of the backscattered echoes remains a challenge for the marine 
acousticians, especially in an open ocean environment with several biological and non-
biological acoustic sources. Conventionally single-frequency narrowband echosounders 
were used for biomass and abundance estimate for fishes (Ehrenberg, 1974; Foote et 
al., 1986). However, the interpretation of backscattered energy for characterisation 
remained ambiguous due to the variability in the material properties, size and shape of 
the organisms being studied (MacLennan, 1990). 
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The use of multiple frequency echosounders improved the scenario by providing 
additional frequencies for quantifying the scatterer size and distribution from the 
backscattered echo (Holliday et al., 1989; Kloser et al., 2002; Pieper et al., 1990). They 
were successful in classifying in case of significantly different organisms (such as a fish 
and fluid-filled organisms or benthic and planktonic shelled organisms) (Martin et al., 
1996; Stanton et al., 1996; Stanton et al., 2000). 
The application of multi-frequency echosounder for species classification was limited by 
the number of discrete single frequencies available to map the acoustic spectrum of 
single targets. In such a situation, the availability of a continuous wide frequency range 
would enable visualisation of the spectral response of the acoustic energy. Further, the 
variation of the backscattered acoustic energy with frequency could be directly linked to 
a single target’s characteristics, thus helping in their detection and classification. This is 
achieved through what is known as a broadband echosounder, which forms the subject 
of this thesis. 
Theoretically, a broadband acoustic signal refers to one with high energy distributed 
across a wide band of frequency. For the echosounder to be able to resolve two nearby 
targets, they must be separated by at the least spatial resolution (Simmonds, & 
MacLennan, 2005). This could be attained by emitting pulses of shorter duration, which 
would require high signal amplitude and hence high instantaneous power. This would 
require strong convertors or high power, which can be costly and at the same time be 
unsafe to use. An alternative option is to use a broadband echosounder which increases 
the frequency bandwidth by modulating the frequency of the waveforms, to produce a 
swept frequency burst, also known as ‘chirp’. 
A broadband echosounder comes with the advantage of wide frequency bandwidth, 
higher spatial resolution and even higher signal to noise ratio. To utilise the broadband 
echo-sounding technology to its full potential, it is important that efforts are focused on 
the development of new signal processing techniques, use of new acoustic identifiers 
and resolving practical challenges in the implementation. 
1.1 Remote sensing marine organisms (Micronekton) 
The mesopelagic region (~200 to 1000 m ) of the Great Australian Bight (Figure 2.7) and 
the Southern Ocean support a diverse range of micronekton (Figure 1.1 and Figure 1.2) 
(fishes, crustaceans, copepods, krill, squids) (Koslow et al., 1997; Williams, & Koslow, 
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1997; Young et al., 1996). Often perceived as economically and socially less significant, 
these ubiquitous animals form a critical constituent of the marine ecosystem. They are a 
crucial part of the food web dynamics playing an important role in the population 
distribution of the top-level pelagic predators (such as Juvenile southern bluefin tuna, 
turtles, fur seal and marine mammals) (Ward et al., 2008). Distributions of these animals 
are inherently complex, inconsistent and continuously variable under the influence of 
physical oceanographic processes (Béhagle et al., 2016; Sinclair, & Stabeno, 2002). 
Understanding the distribution pattern, biomass and the critical ecological process of this 
enigmatic community can provide a better understanding for future sustainable 
management of this resource. However, the dynamics of this community remains poorly 
understood due to a lack of appropriate sensors, unpredictable environmental conditions 
and selectivity of different sampling methods (acoustic, optics and nets). 
 
Figure 1.1: A selection of samples from net catches collected from the mesopelagic depth of the 
Great Australian Bight region. (Photographs provided by Rudy Kloser). 
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Figure 1.2: A mix of mesopelagic and shallow water fish species (top) and crustacean (below) 
collected from the mesopelagic region. (Photo provided by RV Investigator). 
 
The acoustic scattering method plays an important role in remote sensing and estimating 
the abundance and distribution of these organisms (Benoit-Bird, & Au, 2001; Kloser et 
al., 2002; Koslow et al., 1997; McClatchie, & Dunford, 2003). The unique ability of a 
broadband echosounder to preserve the spectral information of acoustic targets across 
a wide frequency bandwidth has opened new opportunities in the remote detection and 
characterisation of the micronekton community. Combining the broadband acoustic 
sensing technology with advanced operational platforms allows measuring the frequency 
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dependence of scattering from organisms to highest spatial resolution thereby assisting 
in species identification and classification (Dalen et al., 2003; Godø et al., 2014; Kloser, 
1996; Verma et al., 2017). 
1.2 Motivation 
It is hypothesised that the commercial availability of broadband echosounders (for 
example, the Simrad EK80) could lead to a paradigm shift in the acoustic surveying 
technique. The need for unbiased information for identification and classification of 
marine organisms is driving research in the broadband acoustic method. Many new 
algorithms and practices are being applied to assist in the implementation of this new 
technology (Briseño-Avena et al., 2015; Islas-Cital et al., 2011a; Lavery et al., 2010; 
Stanton, & Chu, 2008). It is important to develop systematic processing and analysis 
techniques to provide a precise estimation of the scatter properties and reduce 
uncertainties. This requires the accurate calibration of the echosounder, characterisation 
of the transducer’s parameters, use of additional acoustic identifiers and sufficient 
verification of the sampled organisms. 
1.3 Aim of the thesis  
The specific goals of the thesis were: 
1. To develop an alternative technique to calibrate a broadband echosounder for 
measuring target strength as a function of frequency. 
2. To determine the effective beamwidth of a transducer by using a measurement-
model approach. 
3.  To develop appropriate indices to visualise the target induced phase distortion 
in the backscattered echo. 
4. Calibrate the echosounder for phase measurement and use it to extract the 
frequency response of the target phase. 
5. Demonstrate the application of the technique through the derivation of the in situ 
target strength of different organisms from the Great Australian Bight region. 
6. Derive the frequency response of in situ target strength and phase for example 
targets of different species of micronekton from the Southern Ocean region. 
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7. Develop a technique to verify the presence of acoustic targets on the concurrent 
still image.  
8. Demonstrate the reliability of target phase measurement by inverting the target 
strength and phase measured for an optically verified target. 
1.4 Thesis outline  
This is a hybrid thesis where each work is presented as an independent chapter with a 
separate introduction, method and discussion section. Research method and analyses 
relevant to each chapter are described to detail within the chapters. Efforts have been 
made to reduce the overlap between the introduction and method of each chapter. 
Chapter 2 provides an overview of the different terminologies, methodologies, acoustic 
variables and processes of a broadband echosounder relevant to the research. The 
experiments and surveys undertaken as a part of the research are also briefly described.  
In Chapter 3, a technique to extract the frequency response of the target strength using 
the transducer system response is presented. The technique was applied to calibrate a 
broadband echosounder to determine the on-axis sensitivity and achieve directivity 
compensation for off-axis angles. The feasibility of the technique is established through 
a set of acoustic backscattered signals from two standard sphere targets at two 
amplitude ramp settings. 
In Chapter 4, the system response function is used to derive the effective geometrical 
and directional parameters of a split beam broadband transducer. An inversion approach 
was used to test the frequency dependency of the parameters. The hypothesis of the 
effective radius of a broadband transducer being constant across the frequency band 
was also tested. 
Chapter 5 investigates the target induced phase distortion in the backscattered signal as 
a potential classifier; an algorithm is developed to derive the frequency response of the 
target phase. The concept is based on the use of both the system response and 
backscattered echoes in complex form. Three variables are used to visualise the signal 
phase, absolute, differential and residual phase. The developed technique was applied 
to calibrate the broadband echosounder for phase measurement for the two types of 
transmitting signals at all positions. 
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Chapter 6 is the preliminary application of the technique developed in Chapter 3 to derive 
the in situ target strength from the mesopelagic region of the Great Australian Bight. As 
examples, the frequency spectra of the target strength of two single targets are shown. 
The measured spectra are compared to the output of numerical acoustic scattering 
models. Some of the mathematical notations used in the chapter are different from other 
chapters as it was published in the first year of research (Verma et al., 2017). 
Chapter 7 reports a combined acoustic-optics survey that was carried out in the 
mesopelagic region of the Southern Ocean. A technique is developed to visualise a 
single acoustic target on an echogram and on the concurrent still image. By using this 
transformation technique, the presence of several single targets such as squids, 
mesopelagic fishes and bubble-like targets on the echogram were confirmed. The 
frequency response of the target strength and residual phase of several targets were 
obtained. A numerical acoustic scattering model for a gas-filled sphere is developed to 
predict both the phase and target strength. The target strength and residual phase 
measurements of three resonant targets found at the different depths were fitted to the 
output of the models. This shows the ability of the phase to be used as an acoustic 
classifier. 
Chapter 8 concludes the thesis with a general discussion of the significant findings, 
limitations, and recommendations for future research. 
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Chapter 2 
 
 
Research Background  
 
In this chapter, a brief introduction to the aspects of the broadband echosounder relevant 
to the thesis is given. For in-depth technical information of the acoustic scattering 
techniques, readers are referred to Medwin, and Clay (1998) and Simmonds, and 
MacLennan (2005) for implementation in fisheries. For technically comprehensive 
coverage of broadband methods in fisheries science, readers are referred to Demer et 
al. (2017). 
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2.1 Broadband echosounder 
A broadband echosounder (such as Simrad EK80) transmits frequency-modulated 
waveforms instead of single-frequency waves like a conventional narrowband 
echosounder. This allows the target's scattering characteristics to be measured as a 
function of frequency. The backscattered echoes from consecutive pings are pulse 
compressed in time. The time-compressed pings are stacked to generate a two-
dimensional range and time graph referred to as pulse-compressed echogram (Figure 
2.1). 
 
Figure 2.1: An example of pulse compressed echogram illustrating a single target enclosed in the 
red box. 
2.1.1 Signal processing terminologies 
2.1.1.1 Frequency modulated waveforms 
A narrowband echosounder transmits a sound pulse or ping. This ping consists of 
several cycles at a constant frequency and amplitude. The frequency spread of this 
signal is narrow with most energy concentrated at the operating frequency. A broadband 
echosounder transmits a chirp or linear frequency modulated (LFM) signal. In an LFM 
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signal, the instantaneous frequency varies linearly with the time (Ehrenberg, & 
Torkelson, 2000). The wave has a broader continuous frequency bandwidth, ∆𝑓 (Hz) 
spread on both sides of the centre frequency, 𝑓𝑐 (Hz) covering a continuous range of 
frequency. The simulation of the narrowband and LFM waves in the time domain and 
their power spectra are shown in Figure 2.2. 
 
Figure 2.2: Simulated single frequency narrowband (left) and linear frequency modulated transmit 
pulses (right) in the time domain (top) and their power spectra in the frequency domain (bottom). 
The frequency of the narrowband wave is 127 kHz, and the frequency range of the LFM wave is 
from 95 kHz to 160 kHz. 
 
The power spectrum in the frequency domain is the Fourier transform of the time-domain 
autocorrelation function. 
2.1.1.2 Pulse compression 
Pulse compression (PC) (Chu, & Stanton, 1998; Turin, 1960) is a post-processing 
technique applied to increase the spatial resolution and the signal to noise ratio even at 
low transmit power. This is obtained by correlating the received signal with an 
appropriate match filter; which is a replica of the frequency-modulated transmitted pulse 
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in this case. Pulse compression can be achieved either in the time domain by cross-
correlating the received signal with a replica of the transmit burst, or in the frequency 
domain by multiplying the Fourier transform of the received signal by the complex 
conjugate of the Fourier transform of the transmit signal and then inverse Fourier 
transforming the result. Unlike a narrowband signal, the range resolution of a pulse 
compressed signal is not dependent on the time duration but is inversely proportional to 
the frequency bandwidth (Burdic, 1991). Figure 2.3 shows an echo backscattered from 
a target before and after pulse compression. 
 
Figure 2.3: A signal backscattered from a sphere target before (black line) and after (blue line) 
pulse compression plotted with the range. The target here is a tungsten carbide (6% cobalt binder) 
sphere of diameter 38.1 mm at range 15 m. The frequency bandwidth of the echosounder is 95 
kHz to 160 kHz, and the pulse length of 0.512 ms. 
 
On the downside, a compressed pulse contains responses at other times and ranges 
known as side lobes. The side lobes can interfere with the signal analysis. One of the 
methods to limit the side lobe is by windowing or gating the received signal (Stanton, & 
Chu, 2008). The choice of window length and window type could affect the frequency 
spectrum. 
2.1.1.3 Beamwidth and beam pattern 
When an acoustic waveform is transmitted, the amplitude of the signal is maximum 
(usually at the centre on-axis) and decreases sideways off-axis. The beamwidth, 𝜃−3𝑑𝐵 
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(°) is defined as the angular separation between opposite points off-axis at which the 
transmit signal amplitude is 3 dB lower than at the on-axis centre of the beam (Urick, 
1983). As a result of the acoustic reciprocity principle (Urick, 1983), the receive sensitivity 
will also be 3 dB lower at these points than at the beam centre, so backscattered signals 
from a target will appear 6 dB lower than from the same target at the beam centre. 𝜃−3𝑑𝐵 
of a transducer is proportional to the ratio of the acoustic wavelength to the transducer 
diameter. So the 𝜃−3𝑑𝐵 of a broadband echosounder varies with frequency. For lower 
frequencies, the energy is spread over a larger area compared to the high-frequency 
component, where it is concentrated. The beam pattern, 𝐵(𝑓, 𝜃) is the ratio of the 
transmitted acoustic intensity at an angle and frequency to its maximum value at the 
same frequency. An example of the beam pattern of a broadband circular transducer 
(Simrad ES70-18CD) at three different frequencies of 55 kHz, 70 kHz and 90 kHz is 
shown in Figure 2.4. The beamwidth at the nominal central frequency 70 kHz is 18°. 
 
Figure 2.4: The beam pattern of a broadband circular transducer (Simrad ES70-18CD ) at three 
different frequencies 55 kHz (black), 70 kHz (blue) and 90 kHz (red). The beamwidth at the 
nominal central frequency 70 kHz is 18°. 
 
2.1.1.4 Target strength estimate 
In the far-field, the backscattered energy received from a signal target by the transceiver 
can be characterised as the target strength, 𝑇𝑆 (dB re 1m2). Established as an index in 
fisheries acoustics (Midttun, 1984), 𝑇𝑆 is the logarithmic expression of the backscattering 
amplitude (Medwin, & Clay, 1998). As elaborated in Foote (1991c) 𝑇𝑆 of single targets 
(fish, zooplankton or micronekton) can be estimated in either (1) in-situ or (2) ex-situ 
environment. 
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In ex-situ methods, organisms are removed from their natural environment and retained 
in a controlled condition (tethered (Midttun, 1984; Nakken, & Olsen, 1977) or caged 
(Foote et al., 1986)). While ex-situ measurements have generated valid results 
comparable to outputs of numerical models (Foote, 1983), the effects of confinement on 
the functioning and physiological condition of the organism remain mostly undetermined. 
In-situ 𝑇𝑆 measurements are undertaken in the natural environment of the organisms 
and include direct and indirect methods. Direct in-situ measurements require single 
resolved targets. The common practice was the use of dual-beam (Ehrenberg, 1974) or 
split-beam echosounder (Ehrenberg, & Torkelson, 1996; Foote et al., 1986). Since its 
development in the early 1980s, several researchers have used the split beam method 
for determination of the 𝑇𝑆 (Bodholt, & Solli, 1992; Didrikas, & Hansson, 2004). Usually, 
single or a combination of split-beam echosounder (multi-frequency) are used to 
measure the target strength. Use of multi-frequency echosounders provides a spectrum 
of discrete frequencies to map the TS (Conti et al., 2005; Holliday et al., 1989). 
Combining echosounder with a camera can improve accuracy, as it can verify the target 
position and the ensonified species. Several types of research have reported the use of 
single and stereo vision cameras with the echosounders (Han et al., 2010; Kloser et al., 
2016; Lundgren, & Nielsen, 2008; Sawada et al., 2009; Takahashi et al., 2004). 
𝑇𝑆(𝑓) measurements are dependent on the organism’s orientation (Lee et al., 2012; 
McGehee et al., 1998; Warren et al., 2002), anatomical and morphological structure 
(McCartney, & Stubbs, 1971; McClatchie, Alsop, & Coombs, 1996), material properties 
(Chu et al., 1993) and their physiological condition (Ona, 1990b). Invasive and non-
invasive techniques are used to determine these properties. Recent years have seen an 
increase in the use of advanced methods such as soft x-rays (Sawada et al., 1999), and 
MRI scans (Peña, & Foote, 2008) to determine the physical and morphological properties 
up to mm resolution. 
Since the 2000s, there has been an increase in the use of broadband (single beam and 
split beam) echosounders for remote sensing. The wide frequency bandwidth enables 
the extraction of the frequency spectrum of the 𝑇𝑆(𝑓) (Bassett et al., 2017; Demer, & 
Conti, 2003; Verma et al., 2017). Also, the signal pulse compression increases the ability 
to resolve single targets (Chu, & Stanton, 1998), and the high signal to noise ratio allows 
enhanced detection of backscattered echoes from a single target. It is thus hypothesised 
that the broadband echosounder would enhance the capability of acoustic techniques to 
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obtain in-situ single target 𝑇𝑆(𝑓) measurements for classification of marine organisms. 
Undertaking reliable 𝑇𝑆(𝑓) in –situ measurement with broadband echosounder relies on 
the calibration and characterisation of the instrument, and accurate beam pattern 
compensation. 
2.1.1.5 Equivalent angle 
The equivalent beam angle 𝜓, (sr) is defined as the solid angle at the apex of the conical 
beam that produces the same energy as that of the actual transducer (Urick, 1983). The 
equivalent angle is used to derive the density of scatterers and estimate biomass 
estimating the fish density, biomass and abundance estimates and hence requires 
accurate measurement made after mounting the transducer. It is not required for 
estimates of target strength of individual targets. 
2.1.2 Research challenges  
Broadband echo sounding technology is being integrated into ecosystem acoustics for 
their identification, classification and detection of marine organisms. Many research 
studies imply that broadband echosounders could serve as an improved non-invasive 
remote sensing tool as compared to narrowband echosounders. The last two decades 
have witnessed several research studies directed to develop signal processing 
methodologies, calibration procedures and conduct in-situ surveys with the new tool.  
Some of the research areas and challenges are: 
1. Phase as an acoustic identifier. 
2. Calibration for phase and amplitude measurements. 
3. Characterisation of transducer  
4. Inclusion of phase in numerical acoustic scattering models 
2.1.2.1 Phase as an acoustic identifier 
Target-induced phase distortion in the backscattered signal contains further clues to a 
target’s morphological and material characteristics, which can prove beneficial in remote 
acoustic identification. However, conventional acoustic analyses are typically limited to 
the use of the magnitude of the backscattered signal, ignoring the phase part (Medwin, 
& Clay, 1998). 
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It is speculated that using the target phase as an additional acoustic descriptor may 
assist in the characterisation of acoustically detectable marine organisms (Atkins et al., 
2007; Barr, & Coombs, 2005; Braithwaite, 1973). However, limited literature has been 
published on the application of phase for detection and identification of marine biota. 
Phase suffers from uncertainties owning to the range accumulation effect, low signal to 
noise ratio, and frequency resolution which hinders obtaining appropriate quantitative 
estimates. Several methods have been developed to reduce the sources of ambiguities 
such as the phase gradient or rate of change of phase (Barr, & Coombs, 2005; Yen et 
al., 1990), gross phase shifts (Bolus et al., 1982) and phase differences (Yen et al., 
1990). These methods have limitations owning to their usage and derivation. For reliable 
interpretation, it is important that suitable techniques are established to visualise the 
frequency-dependent phase. 
2.1.2.2 Calibration for phase and amplitude measurements 
Calibration of an instrument is essential for performing quantitative analysis. The 
standard target calibration experiment has been proposed to calibrate a broadband 
echosounder (Demer et al., 2015). The method involves using a standard sphere target 
of a known response and comparing the frequency response of the on-axis sensitivity 
with the theoretical response (Foote, & MacLennan, 1984). Calibration of broadband 
echosounders draws considerable research interest due to its inherent complexities such 
as the frequency dependence of transducer beam patterns and environmental 
parameters (Lavery et al., 2010), resonance effects of calibration spheres (Stanton, & 
Chu, 2008), and anomalies in the phase angles (Islas-Cital et al., 2011a). 
For an in situ application, a system must be calibrated during the survey to account for 
the surrounding environmental variables (Demer, & Renfree, 2008) and even any 
changes in the instrument’s sensitivity (Jech, Chu, et al., 2003). Also, the changes in the 
transducers mounts from the laboratory setup to open ocean can increase the risk of 
beam pattern deviation and hence, the system’s response (Simmonds, 1984). A 
broadband echosounder requires a calibration technique developed specifically to cover 
the entire frequency bandwidth and account for the frequency dependence of the 
transducer’s beam pattern. 
The constructive and destructive interference of the scattered signals from the different 
interfaces of the calibration spheres leads to sharp fluctuations at specific frequencies, 
which introduces uncertainties in calibration at these frequency regions (MacLennan, 
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1981). While a pragmatic approach of partial wave analysis can resolve the frequency 
dependence (Stanton, & Chu, 2008), a logistically complicated but robust approach using 
multiple calibration spheres (Foote, 2000; Foote, 2007a; Lavery et al., 2017) of different 
sizes are also useful to mitigate resonance effects. 
Successful real-world implementation of the target phase requires that broadband 
echosounders are calibrated for phase measurements (Barr, & Coombs, 2005). Islas-
Cital et al. (2011a) conducted calibration with broadband sonar. These experiments on 
custom made sonar system generated good agreement between the theoretical and 
experimental phase values. Given the commercial availability of Simrad EK80 
echosounder, a method similar to that used for amplitude calibration, that accounts for 
the transducer directivity and effect of amplitude ramping would prove beneficial for 
scientific studies. 
2.1.2.3 Characterisation of transducer  
A split-beam broadband transducer is an arrangement of several individual piezo-
ceramic elements (Wilson, 1988) to obtain a desired acoustic field and directivity across 
the frequency range. It is commonly made up of four quadrants that are simultaneously 
used for transmission (Ehrenberg, 1983; Stansfield, & Elliott, 2017). This allows finding 
the target positions by measuring the phase difference between the signals received by 
opposite quadrants. Most of the transducers come with a set of nominal geometrical 
(transducer radius) and directional parameters (beamwidth and beam pattern) provided 
by the manufactures (Bodholt, 2002). 
Numerous factors may contribute to a modification in the transducer functioning from the 
nominal value. Internal factors such as the instrument sensitivity (Islas-Cital et al., 2010), 
design and electronics (Jech, Foote, et al., 2003), ageing, and hardware malfunctioning 
(Knudsen, 2009) may modify the transducer performance. External factors such as the 
mounting arrangement (Knudsen, 2009), nonlinear sound propagation (Tichy et al., 
2003) and environmental parameters (temperature, salinity, pressure and depth) (Dalen, 
& Bodholt, 1991; Demer, & Renfree, 2008; Kloser, 1996) are known to interfere with the 
transducer output. Independent evaluation of the transducer parameters is needed to 
obtain accurate verifiable information. 
Several studies have measured the effective beamwidth (Degnbol, 1988) and 
consequently, the equivalent angles (Reynisson, 1998; Simmonds, 1984) for 
narrowband echosounders at a single frequency. The wide frequency bandwidth of a 
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broadband echosounder complicates the process, and consequently, the possibility of 
the parameters having a frequency dependence needs to be assessed. Moreover, it is 
usually hypothesised that in spite of several elements, the transducer behaves like a 
circular piston of constant radius. Therefore, it is essential that a characterisation 
technique is formulated that can derive the effective parameters, verify the fixed 
transducer radius and probe the frequency dependence of the parameters. 
2.1.2.4 Inclusion of phase in numerical acoustic scattering models 
Prediction of acoustic backscattering from marine organisms using numerical models 
backscatter has been in practice in fisheries acoustic research since the late 1950s 
(Anderson, 1950). Measurements are matched to the backscattering prediction made by 
approximating the organism as a simple geometric structure such as a sphere 
(Anderson, 1950; Love, 1978b), cylinder (Stanton, 1989; Stanton et al., 1993) or a prolate 
spheroid (Furusawa, 1988; Ye, & Hoskinson, 1998) with single or variable material 
properties. However, numerical acoustic scattering models report the scattering 
amplitude only (Jech et al., 2015; Stanton et al., 1996). 
To establish the target phase as a reliable acoustic index it is important that 
measurements from live organisms are matched to the predicted output of the 
appropriate numerical acoustic scattering model. It would be worthwhile to include the 
phase into these mathematical scattering models and compare the obtained phase 
spectrum with the model output. 
2.2 Experiments and surveys 
Three sets of data were used for the thesis. The measurement procedures are outlined 
in detail in each chapter. The following section provides a brief outline  
2.2.1 The calibration experiment 
The first set comprises of data collected from a series of experiments conducted from 5th 
to 13th August 2015 in the estuary of Derwent River in Hobart (Figure 2.5). A scientific 
broadband echosounder, Simrad EK80, with split-beam transducer (ES120 (WBT 
536012), was calibrated across the frequency range 95 – 160 kHz. Two standard target 
spheres were used, and backscattered echoes recorded with different settings and 
configurations such as pulse length, range and ramping. Chapter 3, Chapter 4 and 
Chapter 5 are based on the data collected during this experiment. 
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Figure 2.5: An illustration of the experiment set up. 
2.2.2 The Great Australian Bight region 
A multidisciplinary scientific survey was conducted in the Great Australian Bight region 
on board the RV Investigator from 30th November to 22nd December 2015. The voyage 
was part of the Great Australian Bight Research Program whose overarching goal was 
to understand the environmental, economic and social structure of the region (GABRP, 
2013). The Instrumented Corer Platform (ICP), a custom-designed depth-profiling 
platform (Figure 2.6) was configured with two broadband echosounders (Simrad EK80) 
and ancillary sensors (cameras, pressure sensors and CTD) (Sherlock et al., 2014). The 
whole set up was deployed to depths of 600 – 1000 m at several locations (Figure 2.7). 
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Figure 2.6: The Instrumented Corer Platform (ICP) ready to be deployed. 
 
High-frequency broadband acoustic recordings were collected from deep mesopelagic 
habitat to characterise the organisms distributed in the region. The CTD and other 
ancillary sensors provided the physical environment data such as conductivity, 
temperature, density, roll and pitch along the depth track. These datasets form the basis 
for chapter 6. Additional depth stratified net samples were collected from nearby 
locations using a MID water Opening and Closing (MIDOC) net (Kloser et al., 2011); and 
optical images of the water column were obtained using optical sensors mounted on the 
AOS probe. The catch provided a glimpse of the mesopelagic habitat. However, these 
were not coincident with the acoustic data collection. 
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Figure 2.7: A map of the Great Australian Bight region with the red points indicating the locations 
of data collection. 
2.2.3 The Southern Ocean region 
Opportunistic acoustic-optics samples were collected as a part of the IMOS field survey 
within transects of the Southern Ocean. Acoustic-optics samples were recorded from the 
mesopelagic depth using a depth-profiling platform. The Profiling Langrangian Acoustic 
Optical System (PLAOS) is a custom-designed platform developed by CSIRO based on 
previous research (Kloser et al., 2016; Marouchos et al., 2016). The framework consists 
of a cylindrical steel frame with a rotatable plate at the bottom housing the optical 
sensors, acoustics transducers, pre-amplifiers, transmitters, CTD and a monitoring 
frame (Figure 2.8). 
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Figure 2.8: A Profiling Langrangian Acoustic Optical System ready to be deployed. 
 
PLAOS was configured with two broadband split-beam transducers, one digital video, 
and two single-lens cameras to provide synchronised still images, video and acoustic 
recordings from the water column. Ancillary sensors were attached to sense the motion 
of the whole system and surrounding environmental conditions. Chapter 7 is based on 
the dataset recorded from this survey. 
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Chapter 3 
 
 
Calibration and Compensation of Off-
axis Measurements of a Broadband 
Echosounder using the System 
Response 
 
A technique is developed for the absolute calibration and directivity compensation of 
broadband echosounders. The method is based on the use of the frequency response 
of the system’s combined transmit/receive function (the system response) at the on-axis 
and off-axis positions within the acoustic beam. The technique is applied to calibrate a 
Simrad EK80 scientific broadband echosounder over a frequency range of 95 kHz to 160 
kHz. The performance of the method was studied for both “fast” and “slow” ramp transmit 
pulses. The experimental investigation supported the calibration and compensation 
theory. The results were compared to the directivity compensation achieved with the 
modified Bessel function for the same set of data. The method is explicitly developed to 
cover the wide bandwidth of a broadband echosounder and does not require estimation 
of the variation of the transducer’s effective beamwidth with frequency.
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3.1 Introduction 
There has been an increase in the use of broadband echosounders for discrimination 
(Bassett et al., 2017), classification and characterisation (Jech et al., 2017; Lavery et al., 
2007; Lee, & Stanton, 2015; Reeder et al., 2004) of marine organisms. Obtaining 
accurate acoustic quantitative estimates for input to the prediction of marine ecosystem 
dynamics (Handegard et al., 2013) and sustainable management of resources (Pikitch 
et al., 2004) requires accurate calibration of the echosounder. In a dynamic environment, 
it is important that the calibration accounts for the effects of mounting (Simmonds, 1984), 
ship motion, environment (Brierley et al., 1998; Demer, & Renfree, 2008) and the 
instrument sensitivity (Jech, Foote, et al., 2003). A broadband echosounder transmits 
frequency modulated (FM) waveforms or ‘chirp’ signals. The FM waveforms can 
measure the scattering response as a function of frequency from which potentially useful 
information can be extracted (Holliday, 1972; Stanton, & Chu, 2008; Zakharia et al., 
1996). However, calibration of the instrument across the broad bandwidth is complicated 
by the frequency dependence of the beam pattern (Lavery et al., 2010) and sensitivity to 
resonance induced peaks and nulls in the backscattered amplitude (Stanton, & Chu, 
2008). Thus, a calibration technique specifically developed to cover a wide frequency 
range is required. 
Calibration of a split-beam transducer should account for, the on-axis sensitivity and the 
directivity compensation for measurements with targets situated away from the beam 
axis (Demer et al., 2015; MacLennan, & Svellingen, 1986). Usually, the standard 
calibration method used for the narrowband echosounders is extended to cover the 
broadband range with careful consideration of the sources of uncertainties (Demer et al., 
2015). The on-axis level is derived by comparing the measured and the theoretically 
modelled response of a standard target aligned at the centre of the acoustic beam (Foote 
et al., 1987; MacLennan, 1981). For broad bandwidth single and split-beam transducers 
(Lavery et al., 2017), several approaches have been used to find the on-axis sensitivity, 
using a single sphere (Stanton, & Chu, 2008) or multiple spheres (Foote, 2007b) in the 
near field (Chu, & Eastland, 2015) or the far-field (Islas-Cital et al., 2011a). 
For a constant-radius broadband transducer, the beam pattern is a function of the 
frequency. As a result, the higher frequency components of the FM pulse have a 
narrower angle range than the lower frequency components. The backscattered signals 
from the off-axis target require appropriate correction for the effect of the transducer 
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directivity, which is usually achieved with mathematical beam pattern models (Urick, 
1983). The beamwidth, 𝜃−3𝑑𝐵 (°) at a particular frequency is determined by moving a 
standard target in all directions and recording the backscattered amplitude (Ona, 1990a). 
The point with the maximum backscattered amplitude is the on-axis. The responses from 
different positions are fitted with a best-fit polynomial. The angle between -3dB points on 
two orthogonal directions through the on-axis quantifies 𝜃−3𝑑𝐵(Simmonds, 1984). This 
technique provides the beamwidth only at a single frequency that is sufficient for a 
narrowband system. A broadband system will require the beamwidth to be estimated for 
each frequency component, which is logistically arduous if carried out one frequency at 
a time. An alternative would be to use a technique for directivity compensation, which is 
independent of explicit knowledge of the beamwidth. 
For an electroacoustic system, the transfer function defines the output of the system for 
a given input, summing up all the dynamic processes, including the transmit/receive 
components and electromechanical properties. The transfer function for an echosounder 
can be quantified by using the signal received from a known reference target due to a 
known transmit signal (Hickling, 1962). The transfer function makes up the entire 
transmit, propagation, scattering, propagation, receive and their combination processes 
as shown in Figure 3.1. 
 
Figure 3.1: A block diagram illustrating all the components involved in the conversion from the 
transmit signal to the received signal. 
 
The transfer function of the whole process is the sum of three individual transfer 
functions, the system response, the backscattering response and the response of 
propagation. The system response is the inclusive response of the transmitter, 
transducer and the receiver shown as block 1, 2, 6 and 7 in the figure. Once the system 
response of a system is known, it can easily be used for the calculation of on-axis 
sensitivity (MacLennan, 1990; Vagle et al., 1996). Given that the system response varies 
with the frequency and the position of the reference target, it can, in principle, be utilised 
for directivity compensation, as demonstrated in this study. 
This study uses the two-way combined transmit/receive function to calibrate and to 
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compensate off-axis measurements for the transducer directivity. To include off-axis 
angles within the acoustic beam, the combined transmit and receive or the system 
response of the transducer, 𝐻(𝑓) is modified to an angle-dependent system response 
function 𝐻(𝑓, 𝜃). The application is demonstrated through a calibration experiment using 
standard spheres as targets. Echoes were recorded from two calibration spheres with 
the broadband transmit pulse set to the ‘fast’ and ‘slow’ amplitude ramp. The system 
transfer function for on-axis and different off-axis positions was derived and utilised to 
correct target strength measurements. As a verification of the procedure, the results were 
compared to the theoretical beam pattern models (modified Bessel function and Simrad 
LOBE algorithm) (Simrad, 2001). The algorithm development was done in the frequency 
domain, assuming the transducer is circularly symmetric. The terminology used in the 
chapter is described below in the context of a broadband echosounder. 
3.1.1 Off-axis angle 
A split-beam echosounder measures the target location at the range, 𝑟 (m), in the two 
orthogonal planes as major, 𝛼 (°) and minor, 𝛽 (°) angles from the acoustic centre 
(Raymond Brede, 1990). In spherical coordinates, the location is given by the polar, 𝜃 
(°) and the azimuthal, 𝜑 (°) angles from the acoustic centre (Ehrenberg, 1974). For a 
circularly symmetric transducer, the polar angle or the off-axis angle is sufficient to 
describe the target position (shown in Figure 3.2). 
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Figure 3.2: Geometric representation of a target’s off-axis angle, 𝜃 from the acoustic centre. ∆𝜃 
in the figure is the difference in off-axis angle between two positions. 
 in 
The off-axis angle, 𝜃 is given by Eq. (3.1), where, 𝑥𝑐  (𝑥𝑐 = 𝑟 tan 𝛼) and 𝑦𝑐 (𝑦𝑐 = 𝑟 tan 𝛽). 
𝑥𝑐 and 𝑦𝑐 are the perpendicular distances of a target from the acoustic centre in the x 
and y directions. 
 𝜃 = 𝑡𝑎𝑛−1 (
√𝑥𝑐2 + 𝑦𝑐2
𝑟
) (3.1) 
 
3.1.2 Transmission Ramping 
Time-domain pulse shapes and effective bandwidths can be achieved by multiplying FM 
waveforms with a Hann window of discrete lengths (Oppenheim, 1999). The Simrad, 
EK80 software refers to this as ramping (change of amplitude with time) and currently 
offers two ramp settings for transmission ‘fast’ and ‘slow’. Fast ramping tapers the first 
and last 10% of a signal leaving a wide, constant amplitude, frequency sweep in the 
middle. Slow ramping causes half the pulse length to rise and the other half to fall. 
Autocorrelation of a fast ramp signal yields a broader bandwidth, higher signal to noise 
ratio (SNR) and higher sidelobes than autocorrelation of a slow-ramp signal. The high 
side lobes of the fast ramp can overlap when two targets are close to one another, 
especially if one is much stronger than the other, in which case the side lobes of the 
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stronger target can completely obscure the weaker target. However, the slow-ramp leads 
to a smaller bandwidth and hence less information (Demer et al., 2015). The sudden 
truncation of the fast-ramp signal in the time domain leads to ringing in the frequency 
domain. This ringing is known as the Gibbs effect and isn’t present in the slow-ramp 
signal (Oppenheim, & Schafer, 2014). In addition to spectral characteristics, ramping 
also modifies the SNR and the range resolution. This makes the echosounder suitable 
for a diverse range of applications from the detection of single targets especially when 
targets are near to each other or near boundaries to the characterisation of dense 
aggregations at high range (Demer et al., 2017). An optimal calibration approach should 
involve both signals. A simulation of the fast and slow ramped signals and their power 
spectra are shown in Figure 3.3. The power spectrum in the frequency domain is the 
Fourier transform of the time domain autocorrelation function. 
 
Figure 3.3: Simulated fast ramp (left) and slow-ramp (right) transmit pulses in the time domain 
(top) and their power spectra in the frequency domain (bottom). 
 
3.1.3 Compensation for the beam pattern 
The sound scattered by a target due to an incoming plane wave of unit amplitude and 
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frequency, 𝑓 (Hz) is given by the complex backscattering amplitude, 𝐹𝑏𝑠(𝑓) (m). The 
target strength, 𝑇𝑆(𝑓) (dB re 1m2) is the logarithmic expression of the modulus of the 
backscattering amplitude | 𝐹𝑏𝑠(𝑓)|, given in Eq. (3.2) (Urick, 1983). 
 𝑇𝑆(𝑓) = 10 𝑙𝑜𝑔|𝐹𝑏𝑠(𝑓)|
2 (3.2) 
 
For a target located at 𝜃 within the acoustic beam, 𝑇𝑆(𝑓) would require appropriate 
compensation for the radiation pattern of the transducer. This is achieved by adding a 
mathematical approximation to the combined transmit and receive beam pattern in the 
log scale in Eq. (3.3) to the measured target strength 𝑇𝑆𝑚𝑒𝑎𝑠(𝑓, 𝜃). 
 𝑇𝑆(𝑓) = 𝑇𝑆𝑚𝑒𝑎𝑠(𝑓, 𝜃) + 10 𝑙𝑜𝑔10|𝐵(𝑓, 𝜃)|
2 (3.3) 
 
Where 𝐵(𝑓, 𝜃) is the ratio of the transmitted acoustic intensity at an angle 𝜃 and 
frequency 𝑓 to its maximum value at the same frequency. For an ideal transducer 
consisting of a circular piston in an infinite rigid baffle, the one-way beam pattern is given 
by Eq. (3.4) (Abramowitz, 1965; Urick, 1983). 
 𝐵(𝑓, 𝜃) = (
2𝐽1(𝑘𝑎 𝑠𝑖𝑛 𝜃)
(𝑘𝑎 𝑠𝑖𝑛 𝜃)
)
2
 (3.4) 
 
Here 𝐽1 represents the first order cylindrical Bessel function and 𝑘 (m
-1) is the 
wavenumber. The transducer radius is 𝑎 (𝑎 =
29.5×𝜆𝑐
2𝜃−3𝑑𝐵
 ) (m) where, 𝜆𝑐 is the wavelength 
at the centre frequency. The nominal 𝜃−3𝑑𝐵 is adjusted to the local sound speed (Bodholt, 
2002). Figure 3.4 shows the simulated beam pattern (corresponding to the Simrad ES70-
18CD) at frequencies of 50, 70, and 90 kHz. The nominal beamwidth of the transducer 
is 18° at 70 kHz. 
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Figure 3.4: An intensity polar plot illustrating the beam pattern of a circular transducer 
corresponding to the Simrad ES70-18CD at frequencies of 55 kHz (blue), 70 kHz (red) and 90 
kHz (green). The beamwidth at the nominal central frequency 70 kHz is 18°. 
 
An alternative beam pattern calculation method is provided by the Simrad LOBE 
algorithm (Simrad, 2016). The Simrad LOBE algorithm models the two-way beam pattern 
by a mathematical function 𝐵(𝛼, 𝛽)2, 𝑥 =  2(𝛼 − 𝛼0)/𝛼−3𝑑𝐵 and 𝑦 =  2(𝛽 − 𝛽0)/𝛽−3𝑑𝐵. 
Where 𝛼−3𝑑𝐵 and 𝛽−3𝑑𝐵 are the major and minor half-beamwidth and 𝛼0, 𝛽0 are the offset 
angles along the respective axis, Eq. (3.5). 
 10 𝑙𝑜𝑔10 𝐵(𝛼, 𝛽)
2 = 6.0206(𝑥2 + 𝑦2 − 0.18𝑥2𝑦2) (3.5) 
 
3.2 Method and Material 
3.2.1 Background theory 
A broadband split-beam transducer inputs a transmit signal, 𝑉𝑇(𝑓) which is converted to 
acoustic waveform by the transmitter. The acoustic signal propagates into the 
surrounding medium (water) as sound waves. On an encounter with an object in the far-
field, the signal is scattered in all directions. The backscattered echo following the 
propagation through the water reaches the receiver where it is converted to the received 
electrical signal,  𝑉𝑅(𝑓). This process can be modelled as a linear time-invariant (LTI) 
system in which the transfer function is given as the ratio of the Fourier transform of the 
received signal from an off-axis target to the Fourier transform of the transmitted signal. 
The transfer function of the whole process can be broken down into the product of three 
individual transfer functions 𝐻(𝑓, 𝜃), 𝐿𝑇𝐿(𝑓) and 𝐹𝑏𝑠(𝑓) as shown in Figure 3.5. 
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Figure 3.5: A block diagram illustrates the transformation of transmitted voltage to the received 
voltage as a function of time (top) and frequency (bottom). Symbols in lowercase represent time 
and uppercase represent the frequency domain. 𝑣𝑇 , 𝑉𝑇 is the transmitted voltage and 𝑣𝑅 , 𝑉𝑅 is the 
received voltage. ℎ(𝑡, 𝜃), 𝐻(𝑓, 𝜃) is the combined transmit and receive system response of the 
transceiver. 𝑙𝑇𝐿(𝑡), 𝐿𝑇𝐿(𝑓) is the transmission function that accounts for the propagation of sound 
to and from the target. 𝑓𝑏𝑠(𝑡), 𝐹𝑏𝑠(𝑓) is the backscattering amplitude of an acoustic target. 
 
It is to be noted that 𝐻(𝑓, 𝜃) here includes the directional sensitivity of the transducer at 
off-axis angle 𝜃. 𝐿𝑇𝐿(𝑓) (𝐿𝑇𝐿(𝑓) =
1
𝑟2
𝑒
𝑖(
4𝜋𝑓
𝑐𝑤
)𝑟
𝑒2𝛼𝑤(𝑓)𝑟) is the transmission function which 
accounts for the two-way propagation effects including spreading, absorption and 
propagation delay. 𝛼𝑤(𝑓) is the absorption coefficient, and 𝑐𝑤 (m/s) is the sound speed. 
The received voltage, 𝑉𝑅(𝑓) can be modelled as a product of the transmitted voltage, 
𝑉𝑇(𝑓) and all the acoustic components of the transceiver system, as in Eq. (3.6) 
(Bracewell, 1986). 
 𝑉𝑅(𝑓) = 𝑉𝑇(𝑓)𝐻(𝑓, 𝜃)𝐿𝑇𝐿(𝑓)𝐹𝑏𝑠(𝑓) (3.6) 
 
Experimentally 𝐻(𝑓, 𝜃) can be determined using a standard target of known theoretical 
backscattering amplitude 𝐹𝑏𝑠,𝑐𝑎𝑙(𝑓) and recording the received signal with the target in 
many positions within the acoustic beam. Thus 𝐹𝑏𝑠(𝑓) in Eq. (3.6) can be replaced by 
𝐹𝑏𝑠,𝑐𝑎𝑙(𝑓), and the equation rearranged to solve for 𝐻(𝑓, 𝜃), leading to Eq. (3.7) (Foote, 
1982; MacLennan, 1981). The transmitted and received signals are match filtered with a 
replica of the transmitted pulse giving 𝐶𝑃𝑇(𝑓), (𝐶𝑃𝑇(𝑓) =  𝑉𝑇(𝑓)𝑉𝑇(𝑓)
∗) 
and 𝐶𝑃𝑅(𝑓),  (𝐶𝑃𝑅(𝑓) =  𝑉𝑅(𝑓)𝑉𝑇(𝑓)
∗). ∗ indicates the complex conjugate. Alternatively, 
𝐶𝑃𝑇(𝑓) and 𝐶𝑃𝑅(𝑓) can be obtained by cross-correlating transmitted and received signals 
with a replica of the transmitted signal in the time domain and then Fourier transforming 
(Chu, & Stanton, 1998; Turin, 1960). The pulse compression of a signal reduces the 
temporal extent and improves the spatial resolution while maintaining the SNR (Ramp, 
& Wingrove, 1961). 
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 𝐻(𝑓, 𝜃) =
𝐶𝑃𝑅(𝑓)
𝐶𝑃𝑇(𝑓)𝐿𝑇𝐿(𝑓)𝐹𝑏𝑠,𝑐𝑎𝑙(𝑓)
 (3.7) 
 
To derive 𝑇𝑆(𝑓) of an unknown acoustic target,  𝑇𝑆𝑚𝑒𝑎𝑠(𝑓, 𝜃) is obtained by recording 
backscattered signals from many positions within the acoustic beam and substituting the 
theoretical beam pattern as shown earlier in Eq. (3.3). Alternatively, 𝑇𝑆(𝑓) can be 
determined using Eq. (3.8). 𝐻(𝑓, 𝜃) incorporates the directional characteristics of the 
transducer leading to automatic compensation without using mathematical 
approximations such as the Simrad LOBE algorithm (Eq. (3.5)) or the modified Bessel 
function for a circular transducer (Eq. (3.4)). 
 𝑇𝑆(𝑓) = 10 𝑙𝑜𝑔10 |(
𝐶𝑃𝑅(𝑓)
𝐶𝑃𝑇(𝑓, 𝜃)𝐿𝑇𝐿(𝑓)𝐻(𝑓, 𝜃)
)|
2
 (3.8) 
 
For a target located at an off-axis angle 𝜃, using 𝐻(𝑓, 0) in Eq. (3.8) gives the measured 
target strength, 𝑇𝑆𝑚𝑒𝑎𝑠(𝑓, 𝜃), Eq. (3.9). 
 𝑇𝑆𝑚𝑒𝑎𝑠(𝑓, 𝜃) = 10𝑙𝑜𝑔 |(
𝐶𝑃𝑅(𝑓)
𝐶𝑃𝑇(𝑓, 𝜃)𝐿𝑇𝐿(𝑓)𝐻(𝑓, 0)
)|
2
 (3.9) 
 
3.2.2 Experiment 
A series of calibration experiments was performed, at Hobart (Tasmania, 42.88° S, 
147.33° E), from the 5th to13th August 2015. The water depth was ~13 m, and the low 
noise-ambient condition was suitable to conduct calibration. For the experiment, a split-
beam broadband transducer (Simrad ES120-7CD) was used. The transducer was 
positioned facing downward (~1 m beneath the water surface) from a portable platform 
(Figure 3.6). Two tungsten carbide (6% cobalt binder) spheres of diameter 22 mm 
(WC22) and 38.1 mm (WC38) were used for calibration  (Foote, & MacLennan, 1984). 
One sphere at a time was suspended between 7 and 10 m directly below the transducer 
using three monofilament lines. Calculations confirmed that the far-field range was at 
least three times more than the near-field range ~0.88 m at 120 kHz (Medwin, & Clay, 
1998). 
Chapter 3: Calibration using System Response 32 
 
 
 
 
Figure 3.6: An illustration of the experiment set up. A downward-facing transducer was positioned 
on the platform and connected to the Simrad EK80 software via a cable. A calibration sphere was 
suspended below the transducer, controlled by three monofilament lines attached to fishing reels. 
 
The frequency bandwidth of the echosounder was 95 – 160 kHz with a nominal 
beamwidth of 7.2° at the centre frequency, 120 kHz. (Simrad, 2016). Backscattered 
signals were recorded with the sphere on the beam axis (𝜃 = 0°) and moving radially 
outward in all directions up to 4.0°. Each set of experiments was repeated for both 
spheres using both fast and slow-ramp transmit signals with all other operational settings 
remaining the same. The EK80 data acquisition software operated the echosounder. The 
EK80 software provides a built-in function to calibrate the instrument; however, for the 
experiment, measurements were recorded outside the calibration mode. The output files 
were saved in “raw” format. A summary of the nominal transducer parameters and 
operational settings is given in Table 3.1. 
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Table 3.1: Broadband transducer specifications and operating parameters. 
Parameters  Units Values 
Transducer model    ES120 (WBT 536012) 
Transceiver name   WBT 536012 
Frequency range  kHz 95 - 160 
Centre frequency 𝑓𝑐  kHz 120 
Major (𝛼𝑐) and minor (𝛽𝑐) axis 
angles at 𝑓𝑐 
° 7.3/7.2 
Angle sensitivity    23/23 
Offset angle (𝛼0, 𝛽0) ° 0.03/-0.11 
Transmit power W 200 
Pulse length  ms 0.512 
Ramp   fast, slow 
 
3.2.3 Acoustic data processing 
The backscattered data were match filtered to generate pulse-compressed echograms 
and derive the 3D coordinates and 𝑇𝑆 in the time domain (code provided by Andersen, 
Lars Nonboe from Simrad). Research specific Matlab scripts were developed for further 
investigations and applications. The average winter temperature and salinity of the 
estuary (10 C and 35 p.s.u.) were used to calculate a sound speed of 1491 ms-1 at 10 
m depth (Mackenzie, 1981). 𝛼−3𝑑𝐵, 𝛽−3𝑑𝐵 and 𝛼𝑤 (Francois, & Garrison, 1982) were 
adjusted to the sound speed. The nominal values of 𝛼−3𝑑𝐵 and 𝛽−3𝑑𝐵 were 3.65° and 
3.6° making the split-beam transducer circular to 0.1°. 𝛼 and 𝛽 measured by the split-
beam process were used to estimate the off-axis angle, 𝜃 from Eq. (3.1). 
Sphere signals were time-gated by an appropriate window function of suitable length. 
Empirically, a window function should optimise the spectral content, improve the SNR 
and minimise spectral leakage to other frequencies. Different windows (Rectangular, 
Hanning and Tukey) and lengths varying from 0.1 to 0.8 m were applied, and the RMS 
error of the results were compared. Based on the result with the lowest value of RMS 
error, a Hanning window of 0.4 m length was applied from the peak to both sides of the 
signal. The model developed by Chu (2011) based on Faran (1951) and MacLennan 
(1981) was used to calculate the theoretical target strength, 𝑇𝑆𝑚𝑜𝑑𝑒𝑙(𝑓) of the spheres 
at the nominal material properties and size. 
Measurements using the WC22 sphere were used to compute 𝐻(𝑓, 𝜃) due to this 
sphere's comparatively flat response across the frequency range. Signals recorded 
within off-axis angle 0.0°- 4.0° were divided into eight angle bins, each of a width 0.5°. 
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Due to the open water test site, the possible contamination or interference from other 
mobile acoustic scatterers within the acoustic sampling volume cannot be ruled out. 
Therefore as a precaution, poor data points were identified and removed. Assuming a 
normal distribution of data for each bin only pings within the 95% confidence interval 
from the mean 𝑇𝑆 were selected for analysis. 
First, the on-axis sensitivity of the broadband system was determined. For the fast-ramp 
settings, echoes recorded with off-axis angles between 0.00° and 0.01° were used to 
evaluate the averaged 𝐻(𝑓, 0), which was then substituted to get the averaged 𝑇𝑆(𝑓) 
(Eq. (3.7) and Eq. (3.8)). The theoretical model of the WC22 sphere was applied 
for 𝐹𝑏𝑠,𝑐𝑎𝑙(𝑓). In the case of the slow-ramp setting, the measurement closest to the beam 
axis was 0.06°, and hence recordings between 0.0° and 0.1° were used to derive the 
averaged 𝑇𝑆(𝑓). 
Next, the bin wise averaged 𝑇𝑆(𝑓) of the WC38 and WC22 spheres were derived at 
different positions within the acoustic beam. The averaged 𝐻(𝑓, 𝜃) for all the bins within 
0.0°- 4.0° was estimated using signals from WC22 sphere in Eq. (3.7). To compute 𝑇𝑆(𝑓) 
for each ping, the averaged 𝐻(𝑓, 𝜃) was interpolated to the corresponding 𝜃 value and 
substituted in Eq.(3.8). The calculated 𝑇𝑆(𝑓) was averaged for each off-axis bin. Due to 
the non-linear nature of 𝐻(𝑓, 𝜃), the ‘spline’ interpolation method was selected in Matlab. 
As a test of accuracy, 𝑇𝑆(𝑓) of the spheres were computed using the modified Bessel 
function in Eq. (3.3) for the set of nominal parameters adjusted to the local sound speed. 
The residual target strength, ∆𝑇𝑆(𝑓); (∆𝑇𝑆(𝑓) = 𝑇𝑆(𝑓) −  𝑇𝑆𝑚𝑜𝑑𝑒𝑙(𝑓)) in dB scale, 
characterised the error of the method. Simrad uses 𝐺(𝑓), (𝐺(𝑓) = 0.5(𝑇𝑆(𝑓) −
 𝑇𝑆𝑚𝑜𝑑𝑒𝑙(𝑓))) to express the variation, which is half of the difference between 𝑇𝑆(𝑓) 
and  𝑇𝑆𝑚𝑜𝑑𝑒𝑙(𝑓) (Andersen, 2001). 
3.3 Results 
The procedure outlined in Section 3.2 was applied to calibrate the broadband 
echosounder for both fast and slow-ramp transmit pulses. In total 2595, and 1572 echoes 
were recorded respectively in the fast-ramp and slow-ramp modes, in the off-axis angle 
range from 0.0° to 4.0°. This reduced to 2157 and 1486 after the removal of bad data. 
Selected echoes were binned, as shown in Table 3.2. 
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Table 3.2: Number of pings in each off-axis angle bin for the fast and slow ramp settings. 
Angle bins (°) 
Number of pings 
Fast-ramp  Slow-ramp 
0.0 - 0.5 511 89 
0.5 - 1.0 405 160 
1.0 - 1.5 317 368 
1.5 - 2.0 268 145 
2.0 - 2.5 387 186 
2.5 - 3.0 131 180 
3.0 - 3.5 119 321 
3.5 - 4.0 19 37 
 
3.3.1 On-axis sensitivity 
 
Figure 3.7: Averaged 𝑇𝑆(𝑓) drawn in red for the WC22 for angles between 0.0° and 0.01° for the 
fast-ramp (left) and between 0.0° and 0. 1° for the slow-ramp settings (right). The theoretical 
prediction is shown in black (--) line. 
Figure 3.7 compares the measured and modelled 𝑇𝑆(𝑓) on the beam axis. For the fast-
ramp, the root mean square of the difference between the theoretical and measured 
target strength over the entire frequency was 0.02 dB, including the nulls at 158.5 kHz. 
The RMSE of the slow-ramp was comparatively higher at 0.40 dB, including the nulls. 
The higher value of RMSE is caused due to the difference at the resonant frequency 
158.5 kHz. If we ignore the resonance region, then the curves are almost the same. 
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3.3.2 Directivity compensation  
 
 
Figure 3.8: The averaged system response in dB 20 𝑙𝑜𝑔10|𝐻(𝑓, 𝜃)|) plotted against the frequency 
for different angle bins for the fast (left) and the slow ramp (right). Angle ranges are shown in the 
legend. 
The frequency spectrum of the system response amplitude, 20 log10|(𝐻(𝑓, 𝜃))| averaged 
for each angle bin is shown in Figure 3.8 for both fast and slow cases. From a maximum 
amplitude for the bin, 𝜃 = 0.0° − 0.5° the response decreased with increasing bin off-axis 
angles in both cases. For a given bin, the deviation from the maximum at 0.0° - 0.5° 
increased non-linearly with the frequency. For example in the fast-ramp case, the 
difference from the on-axis (0.0° – 0.5°) to the off-axis (3.5° – 4.0°) bin is -3 dB at 95 kHz 
compared to -12 dB at 160 kHz. This non-linear decrease in the amplitude is a result of 
the transducer beamwidth becoming narrower at higher frequencies. The shape of the 
curve is different for fast and slow ramp cases. For the slow-ramp, it has a higher 
amplitude in the centre which drops significantly at the frequency ends whereas in the 
fast-ramp case the amplitude is comparatively higher across a larger bandwidth but 
fluctuates across the band. The reason for the difference is unclear, but it is likely due to 
the details of the transceiver operation. The presence of distinct sharp spikes at ~158.5 
kHz in both cases is due to resonances of the WC22 sphere. The formation of spikes is 
explained by the peaks and nulls formed by the constructive and destructive interference 
of the different waves (Hickling, 1962). 
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Figure 3.9: 𝑇𝑆(𝑓) (top row) and ∆𝑇𝑆, (∆𝑇𝑆(𝑓) = 𝑇𝑆(𝑓) − 𝑇𝑆𝑚𝑜𝑑𝑒𝑙(𝑓)) (second row)  plotted for the 
WC22 sphere, derived with the system response and 𝑇𝑆(𝑓) (third row) and  ∆𝑇𝑆 (bottom row), 
derived with the modified Bessel function for the fast (left) and slow ramp (right). The off-axis 
angles from (0.0° - 3.5°) are shown in legend (top row). 
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Figure 3.9 compares the averaged 𝑇𝑆(𝑓) and ∆𝑇𝑆(𝑓) obtained for the fast and slow ramp 
signals using the system response and the modified Bessel function method. The 
resonant frequency region from 158 - 160 kHz was ignored when calculating ∆𝑇𝑆(𝑓). 
The observation confirmed that using 𝐻(𝑓, 𝜃) corresponding to the ping angle 
compensates for the transducer directivity at all positions within the central beamwidth. 
The RMSE of ∆𝑇𝑆(𝑓) with 𝐻(𝑓, 𝜃) was 0.08 dB versus 0.28 dB using 𝐵(𝑓, 𝜃) up to 3.5°. 
Similarly, for the slow-ramp the compensation with 𝐻(𝑓, 𝜃) yield RMSE of 0.14 dB versus 
0.37 dB with 𝐵(𝑓, 𝜃) for angles between 0.0° to 3.5°. For the slow ramp, the 
compensation was uniform for all bins except for the outermost bin, 3.0° – 3.5° (grey 
line), which led to a relatively higher RMSE. Also, the low SNR at ends of the frequency 
band increased the RMSE as compared to the fast-ramp signal. An interesting aspect is 
that even 𝐻(𝑓, 𝜃) of the farthest off-axis bin (3.5° – 4.0°), which is beyond the nominal 
half beamwidth (3.6°), completely compensated the signal due to the transducer’s 
directivity. 
By using the WC38 sphere as a target, it was demonstrated that 𝐻(𝑓, 𝜃) is a useful metric 
to calculate 𝑇𝑆(𝑓) of other single targets. Acoustic data from a WC38 sphere were 
recorded with the same operational configurations used for the WC22 sphere 
measurements (pulse length 512 µs, fast and slow ramp, Hann window, 0.4 m). 𝑇𝑆(𝑓) 
for each ping was derived by substituting 𝐻(𝑓, 𝜃), interpolated to the corresponding off-
axis angle value, in Eq. (3.8). The same set of echoes were also compensated 
with 𝐵(𝑓, 𝜃). For slow-ramp, signals were recorded at off-axis angles up to 3.5°; however, 
no data were recorded beyond 3.0° for the fast ramp. 
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Figure 3.10: Averaged 𝑇𝑆(𝑓) for the WC38 sphere (top) and ∆𝑇𝑆 (∆𝑇𝑆(𝑓) = 𝑇𝑆(𝑓) −
 𝑇𝑆𝑚𝑜𝑑𝑒𝑙(𝑓)) derived with the system response method (middle) for the fast (left) and 
slow ramp (right). ∆𝑇𝑆 obtained with the Bessel function (bottom) for fast (left) and slow 
ramp (right). 
 
The averaged 𝑇𝑆(𝑓) and ∆𝑇𝑆(𝑓) for each off-axis bin, obtained using 𝐻(𝑓, 𝜃) and 𝐵(𝑓, 𝜃) 
for the fast and slow ramp transmitted signals, are plotted against frequency in Figure 
3.10. 𝑇𝑆(𝑓) responses from both settings were similar in amplitude and behaviour. Using 
the system response method, the RMSE for fast and slow ramp signals were 0.94 dB 
and 0.96 dB respectively, compared to 0.96 dB and 1.021 dB for the Bessel function 
method. The higher RMSE was mainly due to the inclusion of two resonance regions at 
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116 kHz and 135.5 kHz. Variations were observed between 110 kHz and 120 kHz, and 
between 130 kHz and 140 kHz, which were consistent for all angles and for both types 
of transmitting signals. Excluding the regions around the resonances reduced the RMSE 
from 0.94 dB to 0.96 dB to 0.53 dB and 0.58 dB, for the fast and slow ramp respectively, 
which is more representative of the ability of the system to characterise smoothly varying 
scattering responses. 
3.4 Discussion  
The self-consistency of the method was demonstrated by first calibrating the system 
using the WC22 sphere and then using it to determine the target strength versus 
frequency curve of the same sphere. Overall the averaged 𝑇𝑆(𝑓) of the WC22 sphere 
for the on-axis position matched closely to the theoretical value (Figure 3.7) over the 
frequency bandwidth. There was a comparatively higher residual error in the averaged 
𝑇𝑆(𝑓) for the slow-ramp, 0.4 dB as compared to 0.02 dB for the fast ramp. This was due 
to the difference of about 1.65 dB at the bottom of the null. When the resonance region 
was omitted, the slow-ramp 𝑇𝑆(𝑓) agreed with the theoretical value with the error 
reducing to 0.004 dB. The resonance effect of the standard sphere has been discussed 
in detail in earlier studies (Chu, & Eastland, 2015; Stanton, & Chu, 2008). One option to 
reduce the ambiguity is using several calibration spheres of different sizes with 
resonances at different frequencies and combining the results (Foote, 2007b; Lavery et 
al., 2017). It should be noted that data were not drawn precisely for the on-axis position 
instead were averaged values between 0.0° to 0.01° for the fast and 0.0° to 0.1° for the 
slow-ramp signals. Even after careful manoeuvring, the closest position to the nominal 
beam axis was 0.016° for fast and 0.065° for the slow-ramp data. 
Even though the amplitude (20 𝑙𝑜𝑔10|𝐻(𝑓, 𝜃)|) and the variation of the system response 
curve was different for the fast and slow ramp; the directional sensitivity was consistent 
(Figure 3.8). When 𝐻(𝑓, 𝜃) was used for directivity compensation for the WC22 sphere, 
the obtained 𝑇𝑆(𝑓) matched closely to the theoretically predicted value confirming the 
self-consistency of the method. The proposed algorithm compensated the 
measurements effectively up to 3.5° beyond which deviations begin to appear, indicating 
the limitation to the half beamwidth (Figure 3.9). The RMS error attained with the system 
response method (RMSE 0.06 dB and 0.07 dB) was lower than that achieved with the 
modified Bessel function method (RMSE 0.28 dB and 0.37 dB). In the case of the 
modified Bessel function method, the deviation increased with the off-axis angle. The 
Chapter 3: Calibration using System Response 41 
 
 
 
probable cause of this discrepancy was that the effective beamwidth of the transducer 
was lower than the nominal value causing an under-compensation that increases with 
the off-axis angles. Compensating with the LOBE algorithm (that users a modified Bessel 
function) produces a similar result for pings up to 3.5° (not shown in the chapter) (Simrad, 
2016). The discrepancy highlights the importance of computing the effective beamwidth 
for accurate measurements. Using 𝐻(𝑓, 𝜃) had the benefit of taking into account any 
spatial or temporal change in the acoustic properties of the transducer (Knudsen, 2009) 
thus making it an appropriate method to calibrate a broadband echosounder. 
The analysis in the chapter uses angles (𝛼/𝛽) from the split-beam processing rather than 
the actual geometric angles. The angle sensitivity of the transducer is critical to enable 
zero biased measurements. Computing the angle sensitivity was not attempted during 
the study. Evaluating the angle sensitivity would require an independent measure of the 
target’s actual location (Reynisson, 1998). Measurements performed by the 
manufacturer confirmed that the acoustic centre corresponds to the on-axis position. 
Suspending the sphere accurately at the on-axis position would require a special 
mechanism to carefully manoeuvre the sphere across the three planes (Reynisson, 
1998). 
The compensated target strength of the WC38 sphere derived with the system response 
method was uniform for all off-axis angle bins but showed consistent deviation from the 
theoretical response (Figure 3.10). Other researchers have also reported variability of up 
to 0.8 dB between the WC22 and WC38 spheres (Hobæk, & Forland, 2013; Lavery et 
al., 2017). Some potential contributors to explain this observed difference are discussed. 
1. Potential error in the 𝐻(𝑓, 𝜃) derived from the WC22 sphere: The 𝑇𝑆𝑚𝑜𝑑𝑒𝑙(𝑓) used 
here was computed using the nominal size and material properties of the 
spheres. The model used; density = 14900 kg/m3, longitudinal sound speed = 
6853 m/s and transversal (shear) sound speed = 4161 m/s. A variation in the 
effective properties of the experimental sphere from the nominal values could 
lead to bias, especially at the material resonance (MacLennan, & Dunn, 1984). 
To achieve a precise result, it is suggested to test the parameters of the 
calibration sphere. Hobæk, and Forland (2013) recommend an iterative inversion 
approach to verify the wave speeds. Given the objective of the chapter was to 
develop a method for the calibration and beam compensation, verification of 
sphere parameters was not attempted. 
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2. Contamination from other scattering sources: For no overlap from any nearby 
targets, the minimum distance for separation from the sphere was (𝑐𝜏 2⁄ = 0.38  
m). Time gating the sphere with a window of length 0.4 m ensured that there were 
no overlapping side lobes from the seafloor or other nearby targets. The 
experiment was conducted in an estuary and the possibility of the presence of 
scatterers of biological or non-biological origin within the window could not be 
ruled out. However, the presence of biological organisms would have resulted in 
ping to ping variations which were not visible in the data, which makes this 
unlikely to be the cause of the observed discrepancies. 
3. Interference or reverberations: The WC38 sphere was about 2 m from the 
seafloor and ~3m from the sidewall. Interference from reflections from these 
boundaries could contaminate the direct echo from the sphere. Normally in a 
laboratory tank calibration, the transducer is shielded from the sources of 
reverberation; which was hard to achieve due to the open environment (Islas-
Cital et al., 2010). 
4. Bubbles: Presence of bubbles on the sphere surface, water column and 
suspension lines can be potential contributors to the discrepancy observed. To 
mitigate bubbles from the sphere surface, they were submerged in soap solution 
for ten minutes; however, some authors propose a soaking time of up to 4 hours 
to achieve a consistent result (Hobæk, & Forland, 2013). 
Further experimentation is required to identify which of the sources are responsible for 
the variations observed. 
3.4.1 Future Work  
A technique to characterise the effective calibration parameters of a broadband 
echosounder would ensure accurate compensation of measurements. The system 
response method illustrated in this study can be extended to determine the effective 
geometrical and directional parameters, as shown in Chapter 4. 
 A complex broadband scattered signal contains information of the scatterer’s 
morphological and material characteristics embedded in the time-accumulated signal 
phase. The broadband echosounder is designed to store the received signals as 
complex waveforms. By retaining the complex waveforms, the complex system response 
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can be obtained which allows the extraction of the phase spectra of single targets. This 
target phase (shown in Chapter 5) can be used as a complementary measurement to 
the amplitude and can be utilised as an additional indicator for remote identification of 
marine organisms (Barr, & Coombs, 2005). 
3.5 Conclusion 
The theoretical formulation and experimental verification of the combined system 
response of a broadband echosounder are presented for calibration and directivity 
correction. The direction sensitive system response function included the effects of the 
transceiver settings and the target. The advantage of the method is that it does not 
require the estimation of the effective beamwidth. Precise calibrations with the WC22 
sphere using the fast and slow ramp transmit signals supported the flexibility of the 
method. The results for the transducer tested provided improved accuracy with RMSE 
0.08 dB and 0.14 dB as compared to the standard beam model (Bessel function and 
LOBE algorithm) with RMSE 0.28 dB and 0.37 dB for the fast and slow ramp settings. 
For a different target (WC38 sphere) the proposed method generated RMSE of 0.94 dB 
and 0.96 dB versus RMSE of 0.96 dB and 1.02 dB obtained with the modified Bessel 
function method for the fast and slow ramp signals.  
The technique could be used for laboratory and in situ measurements by choosing an 
appropriate target. An interesting application would be to obtain compensated target 
strength measurements of marine organisms’ in-situ. This study used the amplitude of 
the system response and ignored the phase part. By using the system response in the 
complex form, the broadband echosounder could be calibrated for the phase 
measurements, as demonstrated in Chapter 5. 
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Chapter 4 
 
 
A Measurement Model Approach to 
Characterise a Broadband Split-beam 
Transducer. 
Acoustic measurements made by an echosounder depend on the geometrical (ratio of 
the radius to the segment distance) and directional (beamwidth and beam pattern) 
parameters (GDP) of the transducer. At an in-situ condition, the ‘effective’ values of these 
parameters may differ from the manufacturer quoted ‘nominal’ values. This paper 
describes an inversion (measurement-model) approach to characterise a broadband 
split-beam transducer. The theoretical modelled beam pattern of a circular transducer, a 
modified Bessel function, was parametrised to the ratio of the transducer radius to the 
segment distance. This ratio is referred to as the geometrical parameter (GP) in this 
study. In a standard calibration sphere set-up, the experimental beam pattern was 
measured using the on-axis system response. The difference between the measured 
and modelled beam pattern was minimised in the least-squares sense by allowing the 
GP to vary within a specified range. Numerical optimisation was carried out by using the 
Levenberg–Marquardt algorithm to compute the optimum GP. The accuracy and 
precision of the approach were tested through simulations of target strength. For the 
combined system (Simrad EK80 and transducer nominal frequency range 95 – 160 kHz), 
variations of 3 - 4% was observed in the GDP from the manufacturer values for the 
transducer alone. Once verified, this method could be used to have a simple independent 
calibration of a systems GP in the field. This particular measurement-model approach is 
explicitly developed for a wide frequency bandwidth and useful in that it is independent 
of the local sound speed profile. 
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4.1 Introduction 
There is an increased research interest in the use of broadband echosounders for the 
high resolution, spectral characterisation and classification of marine organisms (Jech et 
al., 2017; Reeder et al., 2004; Stanton et al., 2012; Zakharia et al., 1996). A broadband 
echosounder quantifies the frequency spectra of target strength, 𝑇𝑆(𝑓) (dB re 1m2) and 
/ or volume backscattering strength, 𝑆𝑣(𝑓) (dB) from the backscattered sound. These 
variables are a direct or indirect function of the transducer’s beamwidth, 𝜃−3𝑑𝐵 (°) and 
beam pattern, 𝐵(𝑓, 𝜃) (dB) which are functions of the effective radius of the transducer’s 
active area. In particular, 𝑇𝑆(𝑓) varies with the target position and requires compensation 
for the beam parameters. The nominal value of the transducer directional parameters 
(𝜃−3𝑑𝐵 and 𝐵(𝑓, 𝜃) ) are estimated by the manufacturer using a controlled laboratory 
setup (Bodholt, 2002). Large deviations from the manufacturer beam pattern estimate 
can lead to ~15 - 20% errors in estimated biomass and independent checks of the beam 
pattern parameters are required (Haris et al., 2017). Also, when transducers are used in 
the field with a specific echosounder, these parameters may vary from their nominal 
values due to system response delays and mounting issues (Simmonds, 1984). In such 
a situation, effective or measured values, rather than the nominal values, are used to 
describe the behaviour of the transducer. Determination of the transducer’s effective 
geometric and directional parameters (GDP) is also termed as characterisation (Lerch et 
al., 1996). 
At a constant frequency, several studies had earlier quantified the variation of the 𝜃−3𝑑𝐵 
from its nominal values (Ona, & Vestnes, 1985; Reynisson, 1998). The directivity of a 
transducer was usually evaluated by mapping the beam at several positions and fitting it 
with a mathematical function (bicubic spine or a modified Bessel function) (Degnbol, 
1988; Kieser, & Ona, 1988; MacLennan, & Svellingen, 1986; Ona, 1990a). At a survey 
location, it is often challenging to repeat the experiments due to the complicated setup 
and a lengthy procedure. Consequently, the use of the nominal values adjusted to the 
local sound speed is an accepted practise during a survey (Demer et al., 2015). A major 
challenge to find effective values in a broadband echosounder involves consistent 
prediction over the bandwidth of the system. The methods mentioned above provide 
effective values only for a fixed frequency and are thus sufficient only for narrowband 
systems operating at a specific frequency. Extrapolating 𝜃−3𝑑𝐵 computed at one 
frequency to the entire bandwidth can bias the measurements. What is needed for a 
broadband echosounder is a characterisation or a measurement technique that covers 
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a range of frequencies. 
A transducer consists of several individual piezo-ceramic elements (Wilson, 1988). 
𝐵(𝑓, 𝜃) of a circularly symmetric transducer is usually modelled in terms of the modified 
Bessel function (Urick, 1983). The model assumes the transducer behaves like a rigid 
piston with a fixed radius of 𝑎 (𝑎 =
29.5×𝜆𝑐
2𝜃−3𝑑𝐵
) at the nominal centre frequency, 𝑓𝑐 (Hz) and 
wavelength 𝜆𝑐 (m
-1). Any frequency dependence of 𝑎 is usually ignored. Past works 
indicate that this is an adequate approximation for many purposes (Kieser, & Ona, 1988; 
Medwin, & Clay, 1998). However, in the case of a broadband echosounder, the 
assumption of a constant radius over the wide frequency bandwidth needs to be verified. 
𝐵(𝑓, 𝜃) of a transducer depends on the speed of sound in the immersion medium (Urick, 
1983). Ecosystem acoustics is witnessing a paradigm shift in survey methods to explore 
the deep-water ecosystems with echosounders mounted on profiling platforms (Kloser 
et al., 2016; Verma et al., 2017). A downward moving echosounder can experience a 
change in the sound speed from the value at the water surface which can bias 𝐵(𝑓, 𝜃) if 
not adjusted appropriately (Haris et al., 2017). Knudsen (2009) proposed using a sound-
speed probe for automatic compensation. Moreover, in the absence of an accurate 
sound speed profile, many research studies use an approximate value of sound speed. 
Theoretically, the compensation for the beam pattern could be made independent of the 
local sound speed with an appropriate selection of parameters in the modified Bessel 
function. This would enable reliable estimates even in the absence of accurate 
knowledge or considerable change in the sound speed. 
The two-way transmit-receive function or the system response of an echosounder 
system includes the transmitter electrical response, transducer transmit and receive 
response and the receiver electrical response. Earlier studies in ultrasonics, have 
demonstrated the use of an on-axis transceiver or system response for the 
characterisation of spherical transducers (Lerch et al., 1996). In active acoustics, the 
system response was used to characterise the directional properties of a monostatic 
echosounder in an in-situ location (Vagle et al., 1996). As an advantage, the system 
response incorporates the entire process at a given time, including the effects of 
hardware impairment, ageing or the system mounting. The on-axis system response can 
be to measure the beam pattern of a broadband echosounder, as shown in this chapter. 
The theoretical development, set up and processing is presented in section 4.2, followed 
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by the result in section 4.3. Finally, the results and limitations of the method are 
discussed in section 4.4, followed by a conclusion in 4.5. 
4.2 Method 
4.2.1 Parametrised beam pattern model or Modified Bessel 
function parametrised to the Geometrical Parameter (GP) 
An electroacoustic transducer converts electric signals to acoustic waves at the 
transmitter end and vice versa at the receiver end (Simmonds, & MacLennan, 2005; 
Stansfield, & Elliott, 2017). Figure 4.1 shows a schematic view of a split-beam transducer 
cross-section made up of four quadrants. 
 
 
Figure 4.1: A schematic representation of the cross-section of a circular split-beam transducer 
with four quadrants. The radius of the active area is 𝑎, and the separation between the centres of 
two halves is 𝑑. 
 
Here, 𝑎 is the radius of the transducer’s active area and, 𝑑 is the separation between the 
two halves, known as the segment distance. The one-way beam pattern of a circular 
transducer is approximated by Eq. (4.1) (Urick, 1983). 𝐵𝑚𝑜𝑑𝑒𝑙(𝑓, 𝜃) is the ratio of the 
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transducer response at a given off-axis angle to the maximum value in the direction of 
the beam axis.  
 𝐵𝑚𝑜𝑑𝑒𝑙(𝑓, 𝜃) = (
2𝐽1(𝑥)
(𝑥)
)
2
 (4.1) 
 
where 𝑥 is given by Eq. (4.2). 
 𝑥 = 𝑘𝑎 𝑠𝑖𝑛 𝜃 (4.2) 
 
𝐽1 is the first order cylindrical Bessel function at wavenumber, 𝑘 (𝑘 = 2𝜋𝑓 𝑐𝑤⁄ ) (m
-1), at 
the sound speed, 𝑐𝑤 (m/s
-1). A split-beam transducer measures the phase difference, 𝜙 
(º), between signals arriving at a pair of transducer segments Eq. (4.3) (Bodholt, 2002; 
Burdic, 1991). 
 𝜙 = 𝑘𝑑 𝑠𝑖𝑛𝜃 (4.3) 
 
 
Assuming the phase is measured at the nominal centre frequency,  𝑓𝑐 gives sin 𝜃 =
𝑐𝑤𝜙 2𝜋𝑓𝑐𝑑⁄  or 𝑥 as Eq. (4.4). 
 𝑥 =
𝑓𝑎
𝑓𝑐𝑑
𝜙 (4.4) 
 
The angular sensitivity, 𝛬 (dimensionless) of a transducer is the ratio of the phase angle 
to the geometric angle and is given by, Λ = 𝜙/𝜃 (Ona, 1999). The manufacturer provides 
the nominal value of the angular sensitivity, Λ′ and the measurement of 
beamwidth, 𝜃′−3𝑑𝐵 at the sound speed, 𝑐
′
𝑤 at which the calibration was carried out. At 
an in-situ site, Λ (Λ = Λ′
cw
′
cw
⁄ ) and θ−3𝑑𝐵 (θ−3𝑑𝐵 = θ
′
−3𝑑𝐵
𝑐𝑤
′
𝑐𝑤
⁄ ) are adjusted to the 
local sound speed 𝑐𝑤. At the full beamwidth position, 𝑥−3𝑑𝐵 = 𝑘
′𝑎 sin 𝜃′−3𝑑𝐵 = 1.614 
(Kieser, & Ona, 1988), where 𝑘′ = 2𝜋𝑓𝑐 𝑐′𝑤⁄ . For small angles, sin 𝜃 ≅ 𝜃 and the angular 
sensitivity is approximated as Λ′ = 𝑘′𝑑. This gives 
 𝜉 =
𝑎
𝑑
=
1.614
𝛬′ 𝑠𝑖𝑛(𝜃′−3𝑑𝐵)
 (4.5) 
 
 𝜉 (𝜉 = 𝑎/𝑑) in Eq. (4.5) is the ratio of the transducer radius to the segment distance. In 
this study, 𝜉 is referred to as the geometrical parameter or GP of a split-beam broadband 
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transducer. If the one-way beam pattern, 𝐵𝑚𝑜𝑑𝑒𝑙(𝑓, 𝜃) in Eq. (4.1) is parameterised by 𝜉 
in Eq. (4.6) then as 𝐵𝑚𝑜𝑑𝑒𝑙(𝑓, 𝜃; 𝜉) is independent of 𝑐𝑤. 
 𝐵𝑚𝑜𝑑𝑒𝑙(𝑓, 𝜃; 𝜉) = (
2𝐽1(𝑥)
(𝑥)
)
2
 (4.6) 
 
where  
 𝑥 =
𝑓
𝑓𝑐
𝜉𝜙 =
𝑓
𝑓𝑐
1.614
𝛬′𝑠𝑖𝑛(𝜃′−3𝑑𝐵)
𝜙 (4.7) 
 
Eq. (4.7) is obtained by substituting Eq. (4.5) in Eq. (4.4). It is important that 𝜃′−3𝑑𝐵 and 
Λ′ in Eq. (4.7) are evaluated at the same sound speed even if it is not the same as the 
field sound speed. At 𝑐′𝑤 = 𝑐𝑤, 𝜃 will be the exact geometric angle. An assumption has 
been made in the study that the phase angle and the beamwidth were determined at the 
same frequency. 
4.2.2 Measured beam pattern 
The system response, 𝐻(𝑓) is the combined transmit and receive function of the 
echosounder system at frequency 𝑓. In Chapter 3, 𝐻(𝑓) was extended to 𝐻(𝑓, 𝜃) to 
include the directional sensitivity of the transducer at different positions within the 
acoustic beam. The on-axis response, 𝐻(𝑓, 0) can be derived by deconvolving the 
recorded echoes from a standard calibration sphere located on the beam axis (𝜃 = 0°) 
and substituting the theoretical backscattering amplitude,  𝐹𝑐𝑎𝑙(𝑓), Eq. (4.8) (Stanton, & 
Chu, 2008). 
 𝐻(𝑓, 0) =
𝐶𝑃𝑅(𝑓, 0)
𝐶𝑃𝑇(𝑓)𝐿𝑇𝐿(𝑓)𝐹𝑐𝑎𝑙(𝑓)
 (4.8) 
 
𝐶𝑃𝑇(𝑓) and 𝐶𝑃𝑅(𝑓, 0) are the auto spectrum of the transmit signal and the cross-spectrum 
of the received and the transmitted signals at the on-axis position (Chu, & Stanton, 1998; 
Turin, 1960). 𝐿𝑇𝐿(𝑓), is the two-way transmission loss due to the propagating medium 
(seawater). Mathematical development of the method is outlined in section 3.2.1. Once 
𝐻(𝑓, 0) of a system is known, the uncompensated backscattering amplitude,  𝐹𝑏𝑠.𝑡(𝑓, 𝜃) 
of any acoustic target can be derived as shown in Eq. (4.9) 
 𝐹𝑏𝑠,𝑡(𝑓, 𝜃) =
𝐶𝑃𝑅(𝑓, 𝜃)
𝐶𝑃𝑇(𝑓)𝐿𝑇𝐿(𝑓)𝐻(𝑓, 0)
 (4.9) 
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It is to be noted that  𝐹𝑏𝑠.𝑡(𝑓, 𝜃) is not corrected for the transducer directivity due to the 
use of 𝐻(𝑓, 0) instead of 𝐻(𝑓, 𝜃). The difference between the uncompensated measured 
target strength when the target is off-axis, 𝑇𝑆𝑚𝑒𝑎𝑠(𝑓, 𝜃), (𝑇𝑆𝑚𝑒𝑎𝑠 = 10 log|𝐹𝑏𝑠,𝑡(𝑓, 𝜃)|
2
 and 
when the target is on-axis, 𝑇𝑆𝑚𝑒𝑎𝑠(𝑓, 0) gives the experimental beam pattern 𝐵𝑚𝑒𝑎𝑠(𝑓, 𝜃), 
Eq. (4.10). 
 10𝑙𝑜𝑔10|𝐵𝑚𝑒𝑎𝑠(𝑓, 𝜃)|
2 = 𝑇𝑆𝑚𝑒𝑎𝑠(𝑓, 𝜃) − 𝑇𝑆𝑚𝑒𝑎𝑠(𝑓, 0) (4.10) 
 
4.2.3 Inversion algorithm 
An inversion problem was formulated by adopting a measurement-model approach. The 
objective was to estimate the GP that resulted in a modelled beam pattern that matched 
the measured beam pattern as closely as possible. The cost function, 𝑄, of the inversion 
algorithm was the sum of the square of the difference between the measured and 
modelled beam patterns as shown in Eq. (4.11). The function was weighted by the sum 
of the averaged standard deviation, 𝜎𝑚̅̅ ̅̅  of the signals in each frequency bin. 𝐿 and 𝐻 
were the lower and the upper limit of the frequency range. 
 𝑄 = ∑ (
𝐵𝑚𝑒𝑎𝑠(𝑓𝑚, 𝜃) − 𝐵𝑚𝑜𝑑𝑒𝑙(𝑓𝑚, 𝜃; 𝜉)
𝜎𝑚̅̅ ̅̅
)
2𝐻
𝑚=𝐿
    (4.11) 
 
The inversion was a nonlinear least square minimisation problem. The standard 
Levenberg-Marquardt (LM) method was therefore selected for the parameter estimation. 
A detailed description of the Levenberg-Marquardt method can be found in Chapter 11 
of Press et al. (1988). 𝐵𝑚𝑜𝑑𝑒𝑙(𝑓𝑚, 𝜃; 𝜉) explicitly depends on 𝜉 which was the property to 
be fitted. Using a priori information 𝜉 was varied within a confined search space until a 
minimum 𝑄 value was found. To verify the hypothesis of a fixed piston, two different 
optimisations, both using the LM model were carried out. In the first optimisation, 𝜉 was 
assumed independent of the frequency and inverted for the single parameter 𝜉𝑒1. 
Whereas in the second optimisation, 𝜉 was assumed a linear function of 
frequency, 𝜉𝑒2(𝑓) and inverted for 𝜉0 and 𝜉1 . 𝜉0 was a frequency-independent offset and 
𝜉1 was the coefficient of the term that varies linearly with frequency, as shown in Eq. 
(4.12). 
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 𝜉𝑒2(𝑓) = 𝜉0 +
𝜉1
107
(𝑓 − 𝑓𝑐) (4.12) 
 
A scale factor of 107 was included so that 𝜉0 and 𝜉1 were of similar magnitude, which 
aided the convergence of the cost function minimisation. It was determined by several 
trials based on the relative importance of each term (Dosso et al., 1993). Once 𝜉𝑒1 and 
𝜉𝑒2(𝑓) were obtained, the corresponding beamwidth,(𝜃−3𝑑𝐵𝑒1  𝜃−3𝑑𝐵𝑒2 )  and the beam 
pattern,(𝐵(𝑓, 𝜃)𝑒1  𝐵(𝑓, 𝜃)𝑒2 ) could be predicted. The 𝑇𝑆(𝑓) compensated for the 
directivity were simulated using 𝜉𝑒1 and 𝜉𝑒2(𝑓) in Eq. (4.13). 
 𝑇𝑆(𝑓) = 𝑇𝑆𝑚𝑒𝑎𝑠(𝑓, 𝜃) + 10log10|𝐵(𝑓, 𝜃; 𝜉)|
2 (4.13) 
 
The residual target strength, Δ𝑇𝑆(𝑓) in dB scale calculated by Eq. (4.14) was used to 
assess the performance of the algorithm. 
 𝛥𝑇𝑆(𝑓) = 𝑇𝑆(𝑓) − 𝑇𝑆𝑚𝑜𝑑𝑒𝑙(𝑓) (4.14) 
 
4.2.4 Setup 
A series of experiments were conducted in the Port of Hobart, which is situated near the 
mouth of the Derwent River, Tasmania, Australia, (42.88° S, 147.33° E) from the 7th to 
13th August 2015. The water depth was approximately 13 - 14 m. A Simrad EK80, 
echosounder was configured with a split-beam transducer (ES120-7CD) covering the 
frequency range, 95 – 160 kHz. The nominal beamwidth was 7.2° at the nominal centre 
frequency, 120 kHz. Facing vertically downward, the transducer was positioned ~1 m 
under the water surface using a pole. The whole system was connected to a temporary 
platform attached to the dock. A standard tungsten carbide sphere with 6% cobalt binder 
of diameter 22 mm (WC22) was used as a reference target (Foote et al., 1987; Foote, 
1982). The sphere was suspended ~7 - 8 m below the transducer using three 
monofilament lines. The range confirmed to the far-field at 𝑓𝑐 was 𝐷
2 𝜆⁄ = 0.88 (m). 
𝐷 ( 𝐷 = 2𝑎) is the diameter of the active area of the transducer (Foote, 1991b). 
The sphere was centred on the beam axis (𝜃 = 0°) and systematically moved to different 
positions within the main lobe. Acoustic backscatter measurements were recorded for 
both fast and slow ramp transmit pulses, with all other settings kept the same (Table 
4.1). Data were recorded outside the calibration settings and stored as complex samples 
with a “.raw” extension. Refer to section 3.2 for a detailed description of the experimental 
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setup and procedure. 
Table 4.1: Operational configuration of the broadband echosounder. 
Parameters  Units Values 
Transducer model    
ES120 (WBT 
536012) 
Transceiver name   WBT 536012 
Frequency range  kHz 95 - 160 
Centre Frequency 𝑓𝑐  kHz 120 
Beamwidth at 𝑓𝑐 (𝜃−3𝑑𝐵) ° 7.28 
Angle sensitivity    23/23 
Offset angle (𝛼0, 𝛽0) ° 0.03/-0.11 
Transmit power W 200 
Pulse length  ms 0.512 
Amplitude ramping   fast, slow 
4.2.5 Data processing 
The “.raw” files were processed to generate the compensated and uncompensated target 
strength values in the temporal domain along with the 3D coordinates (range, major and 
minor axis angle) and time (Matlab codes provided by Andersen, Lars Nonboe from 
Simrad). Specific codes were developed for further analysis in the frequency domain. 
The nominal values were used in the study. The calibration sheet confirmed a circular 
symmetry to 0.1°, (7.3°/7.2°). Using the local variables, (temperature ~10°C and salinity 
~35 p.s.u), the sound speed, 1492 m/s (Mackenzie, 1981) and the absorption coefficient 
(Francois, & Garrison, 1982) were estimated.  
To time gate signals from the sphere, a 0.4 m Hanning window was applied from the 
peak to both sides of the signal. Recorded echoes from 0° and 3.5° off-axis angles were 
divided into bins of angle width 0.5°. To check for anomalies or random errors due to 
reverberation and contamination from other sources, bad data points were identified. For 
each bin, outliers beyond two standard deviations (95% confidence interval for a 
Gaussian probability) from the mean 𝑇𝑆 were rejected. 𝑇𝑆𝑚𝑜𝑑𝑒𝑙(𝑓) of the WC22 sphere 
was derived using a Matlab script (Chu, 2011) based on the theoretical backscattering 
model (Faran, 1951; MacLennan, 1981). 
The averaged 𝐻(𝑓, 𝜃) of the bin 0° - 0.5° was estimated (section 4.2.2) and extrapolated 
to derive 𝐻(𝑓, 0), using the nearest neighbour method. 𝑇𝑆𝑚𝑒𝑎𝑠(𝑓, 𝜃) was computed using 
𝐻(𝑓, 0) as shown in Eq. (4.9). Numerical optimisation of the cost function (section 4.2.3) 
provided an estimate of, 𝜉𝑒1 and 𝜉𝑒2(𝑓). The prior value of GP 𝜉𝑛 was 1.105. Wide and 
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reasonable boundaries were assigned to 𝜉 to allow for an appropriate inversion result. 
To avoid uncertainties in the regions close to the null at 157 kHz, and the low SNR ratio 
from 95 to 100 kHz, samples below 100 kHz and above 155 kHz were excluded from the 
analysis. Due to the memory limitations of the computer, 150 pings from each off-axis 
bin were randomly selected, and every 10th frequency point of each ping was input to the 
minimisation model. To investigate the convergence of the model, the direction 
parameters (𝜃−3𝑑𝐵, 𝐵(𝑓, 𝜃)) and 𝑇𝑆(𝑓) spectrum were generated using 𝜉𝑒1 and 𝜉𝑒2(𝑓). 
The Root Mean Square Error (RMSE) of ∆𝑇𝑆, Eq. (4.15) gave the errors estimate. 
 
𝑅𝑀𝑆𝐸 =  [𝑛−1 ∑|Δ𝑇𝑆|2
𝑛
𝑖=1
]
1
2
 
(4.15) 
4.3 Results 
The use of the parameterised beam pattern, 𝐵(𝑓, 𝜃; 𝜉) for beam compensation, as 
proposed in section 4.2.1, was evaluated. As 𝐵𝑚𝑜𝑑𝑒𝑙(𝑓, 𝜃; 𝜉) is a parametrised form of 
𝐵(𝑓, 𝜃), it is anticipated that the compensated 𝑇𝑆(𝑓) derived with it should match to the 
one obtained with 𝐵(𝑓, 𝜃). 
Recorded echoes from the sphere (WC22) were processed to generate 
compensated 𝑇𝑆(𝑓), in Eq. (4.13) using 𝐵𝑚𝑜𝑑𝑒𝑙(𝑓, 𝜃) Eq. (4.1) and 𝐵𝑚𝑜𝑑𝑒𝑙(𝑓, 𝜃; 𝜉) Eq. (1-
6). Signals from both fast and slow ramped transmission were processed. 
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Figure 4.2: Frequency spectrum of bin-wise averaged compensated 𝑇𝑆(𝑓) of the WC22 
sphere, derived using the parametrised beam pattern, 𝐵(𝑓, 𝜃; 𝜉) (top) and the modified 
Bessel function, 𝐵(𝑓, 𝜃) (bottom) for the fast (left), and slow ramp (right) transmitted 
waveforms. A black (--) line shows the theoretically predicted value. Off-axis angles are 
shown in the legend. 
 
Figure 4.2 compares the averaged 𝑇𝑆(𝑓) of each off-axis bin derived with both the 
models. As the proposed beam pattern model is a parametrised version of the modified 
Bessel function, it would be expected that they both yield the same value of  𝑇𝑆(𝑓). As 
anticipated, the compensated 𝑇𝑆(𝑓) from both models matched closely, ~0.4 dB, 
validating the parametrisation of the beam pattern as a function of GP. Compensation 
with 𝐵𝑚𝑜𝑑𝑒𝑙(𝑓, 𝜃; 𝜉) produced similar results with RMS errors of 0.40 and 0.41 dB 
respectively for the fast and slow ramp. The RMSE of the residual target strength ∆𝑇𝑆(𝑓) 
was 0.40 dB for all sets, inclusive of the nulls at 157 kHz. The nulls were due to the 
constructive and destructive interference of the waves from the different interfaces of the 
sphere (Marston et al., 1990; Williams, & Marston, 1986). 
4.3.1 Effective parameters 
The optimisation provided two outputs for GP a constant, 𝜉𝑒1 and the frequency-
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dependent  𝜉𝑒2(𝑓). The beamwidth, (𝜃−3𝑑𝐵𝑒1 𝜃−3𝑑𝐵𝑒2), and the one-way beam pattern, 
((𝐵(𝑓, 𝜃)𝑒1 , 𝐵(𝑓, 𝜃)𝑒2 ) corresponding to 𝜉𝑒1and  𝜉𝑒2(𝑓), were generated as shown 
inFigure 4.3..  
 
Figure 4.3: The nominal and the inferred GP, 𝜉𝑛 𝜉𝑒1and  𝜉𝑒(𝑓) plotted against frequency for fast 
(top left) and slow (top right) ramp signals. The beamwidth (middle) and one-way beam pattern 
(bottom) derived using 𝜉𝑛, 𝜉𝑒1 𝑎𝑛𝑑 𝜉𝑒2(𝑓) for fast (left) and slow (right) ramp signal plotted versus 
frequency. A *, o and ^ on each curve is the value at, 𝑓𝑐 (120 kHz) also shown in the legend. 
Overall, the effective GDP was comparable for the fast and slow ramp signals with some 
minor deviations. For the fast and slow ramps, the derived GP 𝜉𝑒1 was 1.150 and 1.146 
rather than the nominal value of 1.105.  𝜉𝑒2(𝑓) was weakly dependent on the frequency, 
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leading to an almost constant flat response with frequency. At the centre frequency 
 𝜉𝑒2(𝑓) was higher (1.158 and 1.155) than  𝜉𝑒1 (1.150 and 1.146) for both fast and slow 
ramp. The derived beamwidth and the one-way beam pattern were lower than the 
respective nominal value. In all cases, the deviation was lower in the slow ramp (<~0.5%) 
than that for the fast ramp. The results of the LM based inversion are summarised in 
Table 4.2. 
Table 4.2: Transducer nominal and derived parameters at the centre frequency. 
Transducer parameters  
ES120 (WBT 536012) 
 
Symbols Fast ramp Slow ramp 
The nominal GP, 𝜉𝑛 
𝜉𝑛 1.105 1.105 
Frequency independent GP, 𝜉𝑒1 
𝜉𝑒1 1.150 1.146 
Frequency-dependent GP, 𝜉𝑒2(𝑓) 
 
𝜉0 
𝜉1 
1.158 
-5.253 
1.155 
-5.552 
Nominal beamwidth at the centre frequency 
𝜃−3𝑑𝐵𝑛(°) 7.28 7.28 
Effective beamwidth at the centre frequency 
derived with 𝜉𝑒1 
 
𝜃−3𝑑𝐵𝑒1(°) 6.99 7.02 
Effective beamwidth at the centre frequency 
derived with 𝜉𝑒2(𝑓) 
 
𝜃−3𝑑𝐵𝑒2(°) 6.94 6.96 
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4.3.2 Compensated target strength 
  
  
  
Figure 4.4: The frequency response of the averaged residual target strength (∆𝑇𝑆 =
𝑇𝑆(𝑓) − 𝑇𝑆𝑚𝑜𝑑𝑒𝑙(𝑓) for each off-axis bin with 𝜉𝑛, (top) 𝜉𝑒1 , (middle) and 𝜉𝑒2(𝑓) (bottom) 
for the fast (left) and slow (right) ramp. 
 
The implications of the effective parameters for the 𝑇𝑆(𝑓) measurements were 
investigated. 𝑇𝑆(𝑓) for each signal was calculated by substituting,  𝜉𝑛, 𝜉𝑒1 and  𝜉𝑒2(𝑓) in 
Eq. (4.13) and the averaged ∆𝑇𝑆(𝑓) for each off-axis bin is drawn in Figure 4.4. Using 
𝜉𝑒1 improved the performance from RMS error from 0.28 to 0.15 dB and from 0.34 to 
0.15 dB for the fast and slow ramping respectively. The plot revealed that including 
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frequency dependence through  𝜉𝑒2(𝑓)had little effect on the RMSE, with a slight 
increase from 0.15 dB to 0.16 dB in the case of the fast ramp and a slight decrease from 
0.15 dB to 0.13 dB in the case of the slow ramp. The minimisation algorithm led to uneven 
compensation across the frequency bandwidth. In the case of the fast ramp, 
compensation in the lower frequency range (<130 kHz) led to overcompensation at 
higher frequencies (>130 kHz). It was the reverse in the case of the slow ramp where 
compensation at the higher frequencies (>122 kHz) lead to under-compensation at lower 
frequencies (<122 kHz).  
In a different approach, 𝑥 (𝑥 = 𝑘𝑎 𝑠𝑖𝑛 𝜃) from 0 to 2 was divided into bins with a width of 
0.1, and corresponding ∆𝑇𝑆 values for each signal were binned. To visualise the extent 
of the distribution, the 5th, 25th, 50th, 75th and the 95th percentiles of each bin were drawn 
(Figure 4.5). 
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Figure 4.5: Scatter plot of the residual target strength against 𝑥 (𝑥 = 𝑘𝑎 sin 𝜃) for 𝜉𝑛, 
(top) 𝜉𝑒1  (middle) and 𝜉𝑒2(𝑓), (bottom) for fast (left) and slow (right) ramp. The 95th, 75th, 
50th, 25th and 5th percentiles of each bin are drawn, also shown in the legend. 
 
Using 𝑥 enabled visualisation of the combined influence of all frequencies and angles. 
The value of 𝑥 varied from 0.0 - 1.15 at 90 kHz, 0.0 – 1.54 at the centre frequency 120 
kHz and 0 – 2.06 at 160 kHz. The ∆𝑇𝑆(𝑓) distribution calculated from the slow ramp was 
skewed toward the negative side, whereas the fast ramp data had a normal distribution. 
Using  𝜉𝑒1 improved RMSE from 0.43 dB to 0.25 dB in the slow ramp, as compared to 
0.33 dB to 0.27 dB in the fast ramp. No significant improvement was observed using the 
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frequency-dependent function 𝜉𝑒2(𝑓), which resulted in RMS errors of 0.27 dB and 0.23 
dB respectively for the fast and the slow ramp. 
4.4 Discussion  
In this chapter, a broadband specific technique was developed to characterise the 
transducer's geometrical and directional parameters across the entire frequency 
bandwidth. As a part of the process, the modified Bessel function was parametrised to 
the GP, and the assumption of a constant GP piston and the frequency dependence of 
both geometrical and directional parameters were also tested.  
4.4.1 Parametrised beam pattern model performance 
The parametrisation of the beam pattern in terms of the GP through, 𝐵(𝑓, 𝜃, 𝜉) removed 
the dependence on the sound speed. This was unlike the modified Bessel function, which 
requires the beamwidth fitted to the sound speed to avoid any bias in the output. The 
validity of 𝐵(𝑓, 𝜃, 𝜉) was backed by compensating 𝑇𝑆(𝑓) of the WC22, standard 
calibration sphere for two different transmission pulses (fast and slow ramp) and 
comparing it to the output achieved with the modified Bessel function. An advantage of 
the new beam pattern parameterisation is that estimates can be made even using the 
nominal beamwidth. This result could be significant in the deep ocean surveys, where 
the use of 𝐵(𝑓, 𝜃; 𝜉) would ensure accurate beam compensation despite variable 
oceanographic conditions or modification if any in the beam parameters due to the 
transducer mounting. 
4.4.2 Implications of transducer characterisation 
The GP of the Simrad EK80 ES120 (WBT 536012) was found to be constant across the 
frequency range 95 – 160 kHz. This result was obtained by fitting two relationships for 
the GP, one constant and the other as a linear function of frequency. No noticeable 
improvement was found using the frequency-dependent GP. However, a set of 
measurements achieved with only one transducer is not enough to generalise the notion 
and therefore, verification with other transducers of different sizes and frequency 
bandwidths is recommended. 
The inversion algorithm demonstrated that; for the broadband split-beam transducer 
used in the experiment, the GP was 3.5 – 4 %, higher and the beamwidth was 3 – 4% 
lower than the nominal values provided by the manufacturer. For this specific transducer, 
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working with the nominal beamwidth could lead to a variation in the 𝑇𝑆(𝑓) by ~0.12 dB 
when modified Bessel function is used for beam compensation. Given the importance of 
𝑇𝑆(𝑓) of single targets in the echo-integration and echo counting, this variation could 
impact the translation of 𝑇𝑆(𝑓) into meaningful ecological attributes such as mesopelagic 
animal abundance (Benoit-Bird, & Au, 2001) or fish abundance (MacLennan, 1990). For 
example, 𝑇𝑆(𝑓) of several myctophids and deep water fishes are linked to the physical 
and morphological characteristics of the fish (Kloser et al., 2011) . Nevertheless, using 
the system response function method, elaborated in Chapter 3, or the parametrised 
beam model for beam pattern compensation would ensure that 𝑇𝑆(𝑓) is precise even if 
the effective beamwidth differed from the nominal value. 
For the transducer used in these experiments, the effective GP and beamwidth for the 
fast ramp showed larger differences from the nominal values than the slow ramp (Figure 
4.3). This was probably due to a higher level of fluctuations that gave data a noisier 
appearance. These fluctuations in the frequency domain were caused by the sudden 
truncation of the signal in the time domain (10% slope for the fast ramp) (Oppenheim, & 
Schafer, 2014). Further investigations would prove beneficial to confirm the observation. 
The improvement in the residual (∆𝑇𝑆 = 𝑇𝑆(𝑓) − 𝑇𝑆𝑚𝑜𝑑𝑒𝑙(𝑓)) obtained by using the 
measured, rather than nominal GP, was quantified in terms of its distribution with off-axis 
angle and frequency (Figure 4.4). With the effective GP, a consistent decline in ∆𝑇𝑆(𝑓) 
was achieved up to 2.5°, beyond which compensation at one end leads to 
overcompensation or under-compensation at the other. This was seen for both types of 
amplitude ramping. One possible explanation could be an increasing departure of the 
true beam pattern from the theoretical beam pattern at angles beyond 2.5°. 
From the statistical distribution of ∆𝑇𝑆(𝑓) with 𝑥 (Figure 4.5), it can be seen that the 
spread of ∆𝑇𝑆(𝑓) with the nominal GP, increases with 𝑥. The increase in the width is due 
to the increase in the uncertainty as the sphere moves further out in the beam pattern. 
In both cases, moving from nominal to fitted GP does not make any difference to the 
width of the distribution but reduces the variation with 𝑥. Using the effective GP, the mean 
∆𝑇𝑆(𝑓) gets closer to the 0 dB and depends less on 𝑥. The standard deviation increases 
with the increasing value of 𝑥 but is essentially independent of the method used to 
measure the GP. However, the improvement in the 95% confidence interval of the 
∆𝑇𝑆(𝑓) distribution to less than ∓1 dB suggested that the effective GP describes the 
system better than the nominal value. 
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The volume backscattering remains an important index in the echo-integration method 
for fisheries stock assessments and biomass estimates (Simmonds, 1984). The volume 
backscattering depends on the actual geometric beamwidth. The analysis presented 
here was based on the electric angles determined by the split-beam processing and not 
the actual geometric angles (Bodholt, 2002). Estimation of the geometrical beamwidth 
would be needed to estimate the effective angle sensitivity, which requires independent 
measurements of the target’s geometric position (Reynisson, 1998), and was not 
attempted. Independent measurements would require setting up a mechanism that could 
control the movement of the target This limits the application of the transducer 
characterisation method described here only to 𝑇𝑆(𝑓) measurements and not to the 
volume backscattering. Both beamwidth and equivalent angle were characterised in 
Lavery et al. (2010), though the paper does not state whether geometric angles or split-
beam electric angles were used. 
The proposed characterisation technique is explicitly developed for a broadband 
echosounder to cover a wide range of frequencies. For turning this experiment to an in-
situ operational method, some of the issues that need to be addressed are: (1) an 
independent experiment to confirm if the material properties of the spheres used in the 
experiment match to the theoretical values, and (2) extension of the method to 
characterise an elliptical or rectangular transducer by including the angles along the two 
planes. 
4.5 Conclusion  
The characterisation of a broadband split-beam transducer is presented which uses the 
parametrised beam pattern and on-axis system response in conjunction with the 
Levenberg-Marquardt (LM) inversion algorithm. Both effective GP and beamwidth 
differed by 3 - 4% from the respective nominal values. The improvement in the residual 
target strength distribution supported the use of effective GP and beamwidth. Results 
indicated that characterisation of the transducer's parameters is crucial to enhance the 
accuracy of 𝑇𝑆(𝑓) measurements primarily when used for classification of marine 
organisms based on size. This result is significant as nominal parameters are often used 
in fisheries acoustics. Allowing the GP to vary with frequency did not result in a reduction 
in RMS residuals, which supports the assumption that a constant GP piston is a good 
model for the Simrad EK80, ES120, at least when angles are measured in terms of split-
beam electrical angles. 
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Chapter 5 
 
 
A Technique for Target Phase 
Extraction and Calibration of a 
Broadband Echosounder. 
 
There is a growing interest in the application of broadband echosounders to improve 
remote sensing of marine organisms. The phase of the backscattered signal contains 
information about the scatterer's material properties and geometry. There is, therefore, 
the potential to improve classification methods by measuring both the phase and 
amplitude of the target's scattering function. A technique is developed to perform a 
calibration of both the amplitude and phase responses of a Simrad EK80 broadband 
echosounder. This calibrated response is then used to determine the phase of an 
unknown target's scattering function. The backscattered signals are retained in complex 
form and used to obtain the system response with real and imaginary parts. The 
consistency of the system response phase for different positions within the main lobe 
indicated insensitivity to the transducer directivity. Three different variables: absolute, 
differential and residual phase were experimentally measured for two standard spheres 
(a 22 mm and a 38.1 mm diameter, tungsten carbide sphere with 6% cobalt binder) for 
fast and slow amplitude ramped transmit signals. When compared to their respective 
theoretical values; the absolute phase showed offsets and inversions, whereas the 
differential and residual phase were consistent and free from offsets. Inclusion of phase 
when comparing measured data to numerical acoustic scattering models has the 
potential to reduce uncertainties in remote sensing applications and may help to classify 
targets with similar amplitude responses. 
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5.1 Introduction 
Classifying scatterers using the frequency response of backscattered signals has drawn 
considerable interest in fisheries acoustics (Au, & Benoit-Bird, 2003; Lee et al., 2012; 
Stanton, & Chu, 2010). The current sensing techniques typically exploit the signal 
amplitude, the target strength, 𝑇𝑆(𝑓) (dB re 1m2) or the volume backscattering 
strength, 𝑆𝑣(𝑓), overlooking the presence of additional phase information (Medwin, & 
Clay, 1998). In situ amplitude measurements are routinely affected by marine diversity 
(Lavery et al., 2007), organism’s behaviour modification (Henderson, & Horne, 2007; 
Kloser et al., 1997) and interspecies variability within an acoustic sampled volume 
(Kieser, & Ona, 1988; Stanton et al., 2012). A broadband echosounder receives the 
backscattered signals from a target with real and imaginary components. The signal 
includes the target induced phase shift, which if extracted, could serve as an additional 
descriptor to characterise the scatterer (Atkins et al., 2007; Barr, & Coombs, 2005). 
However, before phase shift is recognised as a reliable acoustic index, it is important to 
develop a technique for the calibration of the instrument. 
Phase can be a useful parameter in signal processing (Oppenheim, & Lim, 1981). The 
propagation of a signal through a non-dispersive medium leads to a time-based deviation 
in the phase that is capable of delivering source information (Mitri et al., 2008). Earlier, 
the phase has been exploited for image reconstruction and segmentation (Skarbnik et 
al., 2010) and even speech processing (Shi et al., 2006). In ultrasound imaging, 
researchers have emphasised the calibration of phase for accurate determination of the 
sensitivity of the hydrophone (Hayman, & Robinson, 2013; Koch, 2003; Luker, & Van 
Buren, 1981). 
In fisheries acoustics, the first work on phase dates back to the early 1970s when species 
discrimination was proposed based on hard and soft echoes, (Tucker, & Barnickle, 1969)  
and was also supported by experimental measurements (Braithwaite, 1973). Later, 
researchers recommended its feasibility as a classifier for biological species (Chestnut 
et al., 1979; Giryn, 1982). However, there were no immediate follow-ups due to the 
computational limitations and the lack of instruments capable of measuring complex 
waveforms. In the early 2000s, Barr, and Coombs (2005) exploited the rate of change of 
target phase to classify fishes from planktons with similar target strength. The need for 
calibration of echosounders for phase measurements was also pointed out. Sonar 
systems were calibrated for the phase by extending the standard calibration approach 
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for dual-frequency continuous waves (CW) (Islas-Cital et al., 2011b) and linear frequency 
modulated (LFM) transmission pulses (Islas-Cital et al., 2011a). Substantial agreement 
between the measurements and the theoretical prediction implied the feasibility of the 
method. The work was performed in controlled conditions, and the sphere limited to the 
on-axis position without addressing the effect of the transducer directivity. 
For exploitation in fisheries, several technical aspects need to be addressed to uncover 
a scatterer’s information from the phase (Horne, 2000; Nakken, & Olsen, 1977). Defined 
as the arctangent of the ratio of the imaginary to real parts of the Fourier Transform of a 
signal, the phase remains wrapped within 360° (2𝜋 radians) (Tribolet, 1977) which masks 
the actual response. Unmodeled propagation delays lead to a range dependent linear 
phase accumulation, posing challenges in delivering quantifiable phase information 
(Lyon, 1984). Additional sources of uncertainties such as the low signal to noise ratio 
(SNR), frequency resolution and dispersion effects, control the measurement accuracy. 
The presence of additive noise and interference from other acoustic sources can further 
degrade the analysis (Matsumoto, 1990). Thus, incorporation of phase for target 
characterisation requires advanced techniques to process complex signals, computation 
tools to work in the frequency domain, and quantifiable variables to negate the 
propagation delay effects. 
To provide meaningful phase measurement, instrument calibration across the frequency 
bandwidth is of utmost importance. For a split-beam transducer, this would involve 
addressing two main aspects (1) the on-axis sensitivity and (2) correction of off-axis 
measurements for the transducer directivity. Phase calibration can be attained by 
extending the standard sphere calibration approach (Demer et al., 2015; Stanton, & Chu, 
2008). The Simrad EK80, broadband echosounder comes with two choices for shaping 
the transmit pulse (fast and slow ramping) achieved by applying Hann windows of 
different lengths to the transmit signal in the time domain (Oppenheim, 1999). The 
calibration of an echosounder on both settings would ensure optimum phase 
measurement in different circumstances. 
This study investigates the use of the complex system response for extraction and 
calibration of phase measurements. Three variables, absolute, differential and residual 
phase, are presented for visualisation of target-induced distortion. The paper is 
organised as follows. The terminology is introduced in section 5.2, followed by the 
description of the theoretical development, experimental setup and the processing 
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technique. In section 5.3, measurements from two standard calibration spheres are 
presented. The uncertainties and possible application to target classification are 
discussed in section 5.4, followed by a conclusion in 5.5. 
5.2 Methods  
Some key terminology associated with analysis is described below. Note that all the 
variables are discussed in the frequency domain. 
5.2.1.1 Absolute phase 
The frequency, 𝑓 (Hz) spectrum of the non-linear back scatterer phase, 𝑊𝜑𝑏𝑠(𝑓), (°) is 
wrapped within modulo 360° for every circular rotation which gives it a sawtooth shape 
(Lyon, 1983). Several algorithms have been developed to avert the wrapping (Al-Nashi, 
1989; Spagnolini, 1995). The Matlab ‘unwrap’ function adjusts the angle by 
adding ±360°, whenever the jump between consecutive elements is higher than the 
default value ±180°. Unwrapping of the signal reveals the actual phase, 𝜑𝑏𝑠(𝑓) (°) 
information Eq. (5.1). 
 𝜑𝑏𝑠 (𝑓) = 𝑢𝑛𝑤𝑟𝑎𝑝(𝑊𝜑𝑏𝑠 (𝑓)) (5.1) 
 
Extra care should be taken while using ‘unwrap’ to avoid sudden jumps due to low-
frequency resolution, discontinuities and additive noise (Nadeborn et al., 1996). The 
location of zeros can introduce uncertainties during unwrapping (Quatieri, & Oppenheim, 
1981; Tribolet, 1977). In addition, the propagation of a signal through a non-dispersive 
medium leads to a distance-dependent, linear accumulation in the phase (Lyon, 1983, 
1984) removal of which is crucial to reveal the modification caused by the scatterer. 
5.2.1.2 Differential phase. 
One approach is to visualise the differential (gradient) of the phase with respect to 
frequency, 𝐷𝑃(𝑓) (°/Hz) which magnifies the target induced properties (Yen et al., 1990). 
Calculating the differential converts the linear ramp in 𝜑𝑏𝑠(𝑓) to an offset in 𝐷𝑃(𝑓) (Eq. 
(5.2)). The 𝐷𝑃(𝑓) was also applied by Mitri et al. (2008) and referred to as the rate of 
change of phase or RCP. 
 𝐷𝑃(𝑓) =
𝑑𝜑𝑏𝑠
𝑑𝑓
 (5.2) 
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5.2.1.3 Residual phase 
Although 𝐷𝑃(𝑓) removes the range accumulation, sudden jumps can make clear 
interpretation difficult. The changes due to the range errors are linear functions of 
frequency, which if removed, would enable visualisation of the target induced phase shift. 
This can be achieved by estimating the linear least-squares fit and then removing it. For 
this purpose, we use the residual phase, 𝑅𝑃(𝑓) (°) which is obtained by subtracting the 
product of the frequency and the median of the differential phase from the absolute 
phase (Eq. (5.3)). 
 𝑅𝑃(𝑓) =  𝜑𝑏𝑠(𝑓) − (𝑓 × 𝑚𝑒𝑑𝑖𝑎𝑛(𝐷𝑃(𝑓)) (5.3) 
 
The median is used to minimise the effect of substantial changes in the differential phase 
due to the target response. The proposed method to calculate the residual phase 
improves on the linear least-squares fit. A linear fit would distort the residual phase as 
the target-induced phase is non zero whereas the median is a more robust estimator. 
This procedure can lead to a frequency-independent offset between the residual phase 
and the actual phase that can be removed by subtracting the mean of the residual phase. 
An example of  𝑊𝜑𝑏𝑠(𝑓), 𝜑𝑏𝑠(𝑓), 𝐷𝑃(𝑓) and 𝑅𝑃(𝑓) spectra for a tungsten carbide (6% 
cobalt binder) sphere of 22 mm diameter are shown in Figure 5.1. 
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Figure 5.1: The frequency spectrum of the wrapped (top left), absolute (top right), differential 
(bottom left) and residual phase (bottom right) for a tungsten carbide (6% cobalt binder) sphere 
of 22 mm diameter. 
5.2.2 Theoretical development  
The theoretical development of a procedure to calibrate a broadband echosounder for 
both its phase and amplitude response is described. Note that the background treatment 
discussed in this section is relatively brief; for a more in-depth description refer to 
Chapter 3. 
A transmitter transmits frequency modulated (FM) waveforms that undergo modifications 
due to scattering by a single target in the far-field. The receiver receives the 
backscattered sound. An echosounder can be modelled as a linear time-invariant (LTI) 
system (Foote, 1983). The received voltage, 𝑉𝑅(𝑓, 𝜃), can be expressed as a product of 
the transmitted voltage, 𝑉𝑇(𝑓, 𝜃), and the transfer function of the three individual 
components, 𝐿𝑇𝐿(𝑓), 𝐻(𝑓, 𝜃) and 𝐹𝑏𝑠(𝑓) (He, 1999) as shown in Eq. (5.4). 𝑉𝑅(𝑓, 𝜃), 
𝑉𝑇(𝑓, 𝜃) and 𝐻(𝑓, 𝜃) are functions of both frequency and off-axis angle, 𝜃 (°). 
 𝑉𝑅(𝑓, 𝜃) = 𝑉𝑇(𝑓, 𝜃)𝐻(𝑓, 𝜃)𝐿𝑇𝐿(𝑓)𝐹𝑏𝑠(𝑓) (5.4) 
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In the equation, 𝐿𝑇𝐿(𝑓) (𝐿𝑇𝐿(𝑓) =
1
𝑟2
𝑒
𝑖(
4𝜋𝑓
𝑐𝑤
)𝑟
𝑒2𝛼𝑤(𝑓)𝑟) is the two-way transmission loss 
function, which includes the effect of signal propagation and wave spreading. Here 𝑟 (m) 
is the range, 𝑐𝑤 (m/s) is the sound speed in water and 𝛼𝑤(𝑓) (dB/m) is the absorption 
coefficient. The system response 𝐻(𝑓, 𝜃) sums up the responses of all components of 
an echosounder, including the transmitter and receiver electrical responses and the 
transducer transmit and receive responses at a given frequency and off-axis angle. 
Incorporating 𝜃 compensates for the effect of transducer directional sensitivity. 
Mathematically 𝐻(𝑓, 𝜃) is a complex function, (𝐻(𝑓, 𝜃) = 𝐴(𝑓, 𝜃)𝑒𝑖𝜑(𝑓,𝜃)) with an 
amplitude, 𝐴(𝑓, 𝜃), and a phase, 𝜑(𝑓, 𝜃)(Heyser, 1969; Islas-Cital et al., 2011b). For a 
target on the beam axis, (𝜃 =  0°) with no directional dependence, 𝐹𝑏𝑠(𝑓) is the 
backscattered amplitude. The target strength is the modulus of the backscattered 
amplitude in the logarithmic scale given by Eq. (5.5) (Urick, 1983). 
 𝑇𝑆(𝑓) = 10 𝑙𝑜𝑔10|𝐹𝑏𝑠|
2 (5.5) 
 
Experimentally, 𝐻(𝑓, 𝜃) can be approximated by recording backscattered signals from a 
standard target of a known backscattering amplitude 𝐹𝑏𝑠,𝑐𝑎𝑙(𝑓) positioned at different 
positions within the main lobe of the transducer's beam pattern (Eq. (5.6)). The pulse 
compressed received, 𝐶𝑃𝑅(𝑓, 𝜃) and transmitted signals, 𝐶𝑃𝑇(𝑓, 𝜃) are computed by 
multiplying each with the complex conjugate of the replica of the transmitted signal (Chu, 
& Stanton, 1998; Turin, 1960). 
 𝐻(𝑓, 𝜃)   =
𝐶𝑃𝑅(𝑓, 𝜃)
𝐶𝑃𝑇(𝑓, 𝜃)𝐿𝑇𝐿(𝑓)𝐹𝑏𝑠,𝑐𝑎𝑙(𝑓)
 (5.6) 
 
Once 𝐻(𝑓, 𝜃) is determined,  𝐹𝑏𝑠(𝑓) of an unknown target can be derived via Eq. (5.7). 
 𝐹𝑏𝑠(𝑓)  =
𝐶𝑃𝑅(𝑓, 𝜃)
𝐶𝑃𝑇(𝑓, 𝜃)𝐿𝑇𝐿(𝑓)𝐻(𝑓, 𝜃)
 (5.7) 
 
The objective of using 𝐻(𝑓, 𝜃) is to compensate the transducers directivity. The angle or 
the arctangent function of 𝐹𝑏𝑠(𝑓), yields  𝑊𝜑𝑏𝑠(𝑓) which can be unwrapped to give 
𝜑𝑏𝑠(𝑓) (Eq. (5.8)). The complex exponential term in the transmission function removes 
the phase ramp in Eq. (5.6) if the transmit/receive delay is known exactly. In practice, 
the transmit/receive delay has to be estimated from the data and estimation uncertainties 
lead to some residual phase ramp. 
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 𝜑𝑏𝑠 (𝑓) = 𝑢𝑛𝑤𝑟𝑎𝑝(𝑎𝑛𝑔𝑙𝑒( 𝐹𝑏𝑠(𝑓)) (5.8) 
 
5.2.3 Experimental setup  
A series of standard calibration experiments was conducted in the estuary of the Derwent 
River in Hobart, Tasmania, from 10th to 13th August 2015. The water was approximately 
13 m deep. A Simrad EK80 split-beam broadband echosounder (ES120-7CD) with 
frequency bandwidth 95 – 160 kHz was used. The nominal beamwidth at its centre 
frequency of 120 kHz was 7.2°. The transducer was mounted facing vertically downward 
under the water surface (~1 m) using a pole connected to an onshore platform. 
For the first trial, a 22 mm diameter, tungsten carbide sphere with 6% cobalt binder 
(WC22) was suspended in the far-field region of the transducer, (~7 - 8 m) using three 
monofilament lines. Backscattered sounds were recorded by moving the sphere from on-
axis to many off-axis positions within the acoustic beam. Next, a 38.1 mm diameter 
(WC38) sphere made of the same material, was used (Foote, & MacLennan, 1984) and 
recordings were obtained by repeating the process. Two sets of recordings were 
obtained for each sphere. The first set was with a fast ramp transmit pulse and the 
second set was with a slow ramp transmit pulse. The pulse length was 0.512 μs in both 
cases. 
5.2.4 Signal processing 
The initial processing read “*.raw” files to derive backscattered energy and the 3D 
coordinates and plot pulse-compressed echograms using Matlab code provided by Lars 
Nonboe Anderson from Simrad, Kongsberg Maritime. Specific Matlab programs were 
then developed by the authors to compute the complex system response and the spectra 
of phase variables.  
A WC22 sphere was used to compute the system response, 𝐻(𝑓, 𝜃) for the frequency 
range 95 – 160 kHz, although not ideal (Demer et al., 2015),. The frequency response is 
flat between95 – 160 kHz, except for - nulls at 158.5 kHz due to resonance. The nulls 
are caused by constructive and destructive interference of the backscattered signals 
from the different interfaces of the sphere (Marston et al., 1990; Überall, 1973; Williams, 
& Marston, 1986). To time gate the sphere signal, a Hann window of length 0.7 m was 
applied from the peak to both sides of the pulse-compressed waveform. Recordings from 
0° - 4° off-axis angles were partitioned into bins of angle width 0.5°. Due to the sensitivity, 
pings lying outside two standard deviations from the mean 𝑇𝑆 values (95% confidence 
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error for a Gaussian distribution) for each bin were removed. The bin wise averaged 
𝐻(𝑓, 𝜃) was obtained by substituting the 𝐹𝑏𝑠,𝑐𝑎𝑙(𝑓) in Eq. (5.6). A free to download Matlab 
based code developed by Chu (2011)was used to compute the 𝐹𝑏𝑠,𝑐𝑎𝑙(𝑓) based on Faran 
(1951) and Foote, and MacLennan (1984). It was assumed that the material properties 
and the size of the experimental spheres matched to their modelled values. 
To derive the 𝐹𝑏𝑠(𝑓) of the spheres, recordings from each were divided into off-axis bins 
of width 0.5° from 0.0° – 3.5° and pings from each bin outside the 95% confidence 
interval were removed. The averaged 𝐻(𝑓, 𝜃) was interpolated to the off-angle of the 
ping, and the resulting values used in Eq. (5.7) to obtain 𝐹𝑏𝑠(𝑓). The 𝜑𝑏𝑠 (𝑓), 𝐷𝑃(𝑓) and 
𝑅𝑃(𝑓) for each ping were determined using Eq. (5.8), Eq. (5.2) and Eq. (5.3) and 
averaged for each angle bin. 
5.3 Results 
To derive the frequency response of the phase and demonstrate the effect of transducer 
directivity the system response at the on-axis and off-axis positions were obtained for 
both the fast and the slow ramp transmission. The self-consistency of the method is 
depicted through the phase variables plotted for the WC22 sphere at both the ramps. 
Once verified the application of the method to extract the phase of other targets is shown 
via the WC38 sphere. 
5.3.1 System response (on-axis and off-axis) 
Figure 5.2 and Figure 5.3 shows the frequency response of the amplitude and the 
absolute, differential and residual phase of 𝐻(𝑓, 0)  for the fast ramp and slow ramp 
transmitted waveforms. It is to be noted that the 𝐻(𝑓, 0) response shown here was not 
measured at a constant range and angle, but was determined by averaging 511 (fast) 
and 89 (slow) pings between 0° and 0.5°. 
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Figure 5.2: The amplitude and the absolute, differential and residual phases of the system 
response of the echosounder for the fast ramp transmitted waveforms. 
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Figure 5.3: The amplitude and the absolute, differential and residual phases of the system 
response of the echosounder for the slow ramp transmitted waveforms. 
For the fast-ramp, the amplitude, (20 log10|𝐻(𝑓, 0)|) had a broader peak than that for the 
slow-ramp. Moreover, it was smoother for the slow ramp versus oscillating for the fast 
ramp. 𝜑(𝑓, 0) (𝑓), appeared the same for both cases, decreasing nonlinearly with 
frequency. Because of the high slope (-0.385 °/Hz), the actual response of the 
transceiver could not be visualised. Computing the differential phase removed 
accumulation with increasing range. 𝐷𝑃(𝑓) for both ramps was consistent and exhibited 
the characteristic resonance at the 158.5 kHz. The null is an artefact of the calibration 
process due to the use of the WC22 sphere and is not part of the true system response. 
The overall structure remained masked due to the null. The linear slope (-2.7x10-6.°/Hz2) 
observed in 𝐷𝑃(𝑓) was likely due to the delay caused by the time difference between the 
original and assumed travel time of the signal. The nulls were higher for the fast and 
lower for the slow ramp signals. The 𝑅𝑃(𝑓) computed for 𝐻(𝑓, 0) for both the ramps was 
quadratic in nature with the lowest point at 127 kHz. No significant difference was noticed 
between the results obtained using the two different transmit signals.  
𝐻(𝑓, 𝜃)  averaged for each off-axis bin 0.5° from 0° to 4° was computed as outlined in 
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section5.2.4. The half beamwidth extended up to 3.5°, the bin 3.5° - 4.0° was included 
to examine the response beyond. Figure 5.4 shows the bin wise frequency response of 
the 𝜑(𝑓), 𝐷𝑃(𝑓) and 𝑅𝑃(𝑓) derived for 𝐻(𝑓, 𝜃). 
 
Figure 5.4: The absolute (top), differential (middle) and the residual phase (bottom) of the 
system response drawn for the fast (left) and slow (right) ramp transmitted waveforms. Sharp 
nulls at 158.5 kHz are due to the resonance effect of backscattered signals. 
 
 𝜑𝑏𝑠(𝑓), 𝐷𝑃(𝑓) and 𝑅𝑃(𝑓) derived for all the off-axis bins were equal to the on-axis value 
(𝑎𝑛𝑔𝑙𝑒(𝐻(𝑓, 𝜃)) = 𝑎𝑛𝑔𝑙𝑒(𝐻(𝑓, 0))) except at the nulls where the peaks were different for 
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each bin. There was no influence of the transducer directivity on the phase 
measurements within the main beam. It could be concluded that the system phase 
response will be the same at different off-axis angles and can be derived by either 
substituting 𝐻(𝑓, 0) or 𝐻(𝑓, 𝜃) in Eq.(5.6). 
5.3.2 The frequency response of phase 
 
 
Figure 5.5: Bin wise averaged absolute (top), differential (middle) and residual phase (bottom) 
drawn to the frequency for the WC22 sphere for the fast (left) and slow (right) ramp waveforms. 
The off-axis angle varied from 0° and 3.0° as shown in the legend. A black dashed line shows the 
respective theoretical value in all plots. 
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Figure 5.5 illustrates the bin-wise averaged 𝜑𝑏𝑠(𝑓), 𝐷𝑃(𝑓) and the 𝑅𝑃(𝑓) computed for 
the WC22 sphere at the on-axis (red line) and off-axis positions for the fast and slow 
ramp. These were computed using 𝐻(𝑓, 0) in Eq.(5.7) irrespective of the angle of the 
target. 
The theoretically modelled value of each variable is drawn (black dashed line) for 
comparison. An offset of 360° occurred between the measured 𝜑𝑏𝑠(𝑓) and the theoretical 
value, for all angle bins and both the transmit pulse amplitude ramps. Taking the gradient 
of 𝜑𝑏𝑠(𝑓) removed the offsets, however; the high resonant spikes at 158.5 kHz 
dominated the 𝐷𝑃(𝑓) curves and appeared to have different amplitudes in the measured 
and the modelled response. The 𝑅𝑃(𝑓) provided a magnified depiction of the target 
phase, highlighting the variation over the entire frequency bandwidth. 𝑅𝑃(𝑓) was more 
consistent for the fast ramp as compared to the slow, but both were in good agreement 
to the modelled value. The transmit pulse ramping and off-axis angle had a negligible 
effect on all three phase variables. 
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Figure 5.6: Bin wise averaged absolute (top), differential (middle) and residual phase (bottom) 
spectra for WC38 sphere, derived for the (left) fast and (right) slow ramp transmit signals. The 
off-axis angle varied from 0° to 3.0°, as shown in the legend. The black dashed line shows the 
respective theoretical response. 
 
The frequency response of averaged 𝜑𝑏𝑠(𝑓), 𝐷𝑃(𝑓) and 𝑅𝑃(𝑓) for the WC38 sphere are 
shown in Figure 5.6. The frequency bandwidth was limited to 158.5 kHz to remove the 
artefact at 158.5 kHz due to the use of WC22 sphere as the reference target to 
compute 𝐻(𝑓, 𝜃). An offset of 360 ° and range-induced ramps appeared between 𝜑𝑏𝑠(𝑓) 
and 𝜑𝑏𝑠(𝑚𝑜𝑑𝑒𝑙)(𝑓) in all bins for both transmission settings. Taking the gradient, removed 
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the offset resulting in the convergence of measured 𝐷𝑃(𝑓) to the theoretical value. 
Nevertheless, the rapid phase change at the resonance leads to high amplitudes 
masking the response at other frequency regions. The 𝑅𝑃(𝑓) clearly showed variations 
over the entire frequency range, even in the presence of two resonance peaks. The 
curves agreed with the theoretical values for all bins, although there was a small offset. 
Though 𝐷𝑃(𝑓) removed the ramping it suffered from the resonance effects, which lead 
to high peaks as seen in the horizontal zoomed graph, in Figure 5.7. 
 
Figure 5.7: Horizontal zoomed plot of the differential phase of WC38 for the fast (left) and slow 
(right) ramp. A black dashed line plots the theoretical modelled value. 
 
On the other hand, 𝑅𝑃(𝑓) was consistent in delivering the actual phase change of the 
target between slowly changing (100 to 130 kHz) and rapid changing phase (130 and 
140 kHz). 
5.4 Discussion 
5.4.1 Phase calibration  
For the echosounder used in these tests (Simrad EK80, ES120-7CD), the transmit 
amplitude ramping (slow and fast) had almost no impact on the phase components of 
the system response function. This was unlike the amplitude component, where the 
ramping controls the magnitude, shape and the effective bandwidth. Further 
investigations with other transducers would be advisable to confirm this result. 
In the study, the phase calibration was found to be independent of the transducer 
directivity. The frequency spectrum of 𝜑𝑏𝑠(𝑓), 𝐷𝑃(𝑓) and 𝑅𝑃(𝑓) were consistent for all 
the off-axis bin angles confirming their insensitivity to the sphere’s position within the 
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acoustic beam. The result is in accordance with the theoretical radiation pattern of a 
plane circular transducer, the phase component of which is zero within the main lobe in 
the far-field region (Kinsler et al., 1999). 
This insensitivity is significant because it implies that for phase measurements, an 
echosounder only needs to be calibrated on-axis, or at any other convenient off-axis 
angle within the main beam. The process of applying the calibration to the data is greatly 
simplified as the same calibration can be used for all target off-axis angles. This is 
completely different from the amplitude measurements, which require calibration of 
directivity compensation for each off-axis angle (Degnbol, 1988; MacLennan, & 
Svellingen, 1986). Further, it makes the phase independent of the beamwidth of the 
transducer and thus measurements would be unaffected even if there is a deviation in 
the effective beamwidth from the manufacturer provided value (Simmonds, 1984). Given 
this is the first set of results for one transducer type, the finding that the phase is 
independent of the position of the target cannot be assumed valid for all transducers, so 
would need further verification. 
5.4.2 Phase variables 
The study shows how different phase methods could be used to detect scatterer’s 
information by using three variables ( 𝜑𝑏𝑠(𝑓), 𝐷𝑃(𝑓) and 𝑅𝑃(𝑓)). Indirect methods such 
as derivative of absolute phase (Mitri et al., 2008), gross phase shifts (Bolus et al., 1982) 
and phase difference (Atkins et al., 2007) have been proposed before. Murty, and 
Yegnanarayana (2006) computed linear prediction (LP) residual of speech signals to 
extract information about the excitation source. In fisheries, Barr, and Coombs (2005) 
used target strength as a function of the rate of phase change plots to demonstrate the 
phase which was validated through the resemblance of the modelled and measured 
work. 
The measured 𝜑𝑏𝑠(𝑓) was qualitatively similar to the theoretically modelled value, but it 
was distorted by the presence of offsets and ramps. The ramps formed due to the range 
accumulation in the 𝜑𝑏𝑠(𝑓) masked the target features, making it difficult to use for target 
classification. Offsets by 360° have previously been reported for the dual-frequency 
transmission for the 84 mm and 40 mm spheres (Islas-Cital et al., 2011b). Inversion by 
180° was found in 𝜑𝑏𝑠(𝑓) at resonant frequencies of the spheres with a processing 
window length of 0.4 m, as used for the amplitude calibration (Chapter 3). This was 
probably due to incomplete unwrapping caused by frequency-domain smoothing as a 
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result of the limited length of the windowed received signal (Cook et al., 2017; Flax et al., 
1978). This inversion was averted by increasing the window length to 0.7 m, which 
reduced the effective smoothing of the scattering function with the frequency. 
Differentiating the 𝜑𝑏𝑠(𝑓) with respect to frequency removed the range accumulation, but 
the sudden change in the phase due to the mechanical resonance of the spheres led to 
a high fluctuation in 𝐷𝑃(𝑓) concealing the secondary structures at other frequencies. 
The newly proposed variable, 𝑅𝑃(𝑓) which was evaluated by subtracting the product of 
the frequency and the median of 𝐷𝑃(𝑓) gave consistent results. Regardless of the 
presence of the noise, offsets and high resonant peaks, the spectra of 𝑅𝑃(𝑓) showed 
the target’s contribution across the entire frequency bandwidth. Minor variations were 
clearly visible, even in the immediate vicinity of the large phase changes that occur at 
resonances. 
The phase calibration can be implemented using the standard calibration set up 
recommended for the broadband echosounder (Demer et al., 2015). Extraction and 
processing of phase variable would require retaining the recorded data in complex form. 
5.4.3 Phase as a target classifier 
Measurements from the test target, the WC38 sphere (Figure 5.6) supported the 
extraction of the phase of an unknown target and possible application towards remote 
characterisation. These results indicate that phase can play a role as a potential classifier 
in fisheries acoustic complementing 𝑇𝑆(𝑓) from the target classification perspective. The 
selection of appropriate variables for interpretation of target phase could be important. 
Two key acoustic groups that inhabit the world’s ocean are fluid-like and gas-bearing 
organisms (Stanton et al., 1996). The boundary condition of the gas bubbles forms a 
sharp hard and soft contrast surface resulting in a sudden fluctuation in the 
backscattered echo (Anderson, 1950; Love, 1978a), while the fluid-filled interface leads 
to slowly varying peaks and nulls (Stanton et al., 1996; Stanton, Chu, et al., 1998). 
Depending on the variation, a suitable phase index needs to be selected. While 𝑅𝑃(𝑓) 
could be useful in case of high fluctuations to highlight minor changes, the 𝐷𝑃(𝑓) can 
prove beneficial in regions with significant structures and a slowly varying phase. This 
would allow the target phase to be used as a supporting identifier towards remote 
classification. However, this would need further verification from surveys conducted in 
the open ocean. 
Chapter 5: Target Phase Extraction and Calibration  82 
 
 
 
The long processing window length of 0.7 m was possible during the experiment as the 
target sphere was the strongest scatterer in the water column. In the open ocean, it may 
be hard to achieve only one target within a window length of 0.7 m due to the presence 
of multiple organisms of similar strength in the water column. Similarly, in low signal to 
noise ratio environments noise spikes in 𝐷𝑃(𝑓) can occur, which could interfere with the 
analysis, especially in case of a weak target with low echo strength. Extracting the phase 
of multiple targets within the window would be challenging with the current technique. 
5.4.4  Future applications  
As showed here, extracting phase can be easily integrated into the process of 𝑇𝑆(𝑓) 
determination. With the equipment used here, the phase has an advantage of not 
requiring directivity compensation, as the system response is independent of the angle 
within the main lobe. The commercial availability of the broadband echosounder could 
play a significant role in the further development of this indicator. The computational and 
technological advancement has made working in complex domain easier and faster. 
Before the target phase is integrated into fisheries acoustics, it is important that the 
technique be tested with different transducers and a diverse range of parameters. Some 
other possible steps that could be undertaken are as follows: 
1) Evaluate the impact of different pulse lengths, ranges and powers on the phase 
measurements. 
2) Most existing numerical acoustic scattering codes work in the complex domain and 
therefore inherently calculate target phase. However, they need to be modified so that 
they could predict both amplitude and phase for comparison to the obtained 
measurements. 
5.5 Conclusions 
The chapter presented a complex transfer function-based approach to calibrate the 
commercially available Simrad EK80 broadband echosounder and extract the scatterer 
induced phase modification. Experimental implementation of the technique was 
demonstrated at two transmission settings, fast and slow ramp using two standard 
spheres. Two standard phase measures, absolute phase,  𝜑𝑏𝑠(𝑓) and differential phase, 
𝐷𝑃(𝑓) were compared with a new measure, residual phase, 𝑅𝑃(𝑓) developed in this 
chapter. All the three variables if processed correctly (unwrapping, window length) 
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preserve the target information. 𝑅𝑃(𝑓) was easier to interpret than 𝐷𝑃(𝑓) and  𝜑𝑏𝑠(𝑓), 
as it was precise and consistent across the entire frequency bandwidth, irrespective of 
whether the phase varied rapidly or gradually. 
Phase measurements were found to be independent of the transducer directivity pattern 
and the ramping of the transmitted signals. It was confirmed that phase conserves a 
scatter’s information and could be integrated into acoustic remote sensing. No earlier 
publications known to the candidate have addressed phase extraction and calibration of 
broadband echosounders, particularly for different amplitude slope parameters and off-
axis angles. In the next chapter, the developed method will be applied to open ocean 
conditions and possible application of phase towards in-situ target identification and 
classification. 
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Potential use of broadband acoustic 
methods for micronekton classification. 
Broadband acoustic methods are an emerging technology with potential use in 
identification and classification of marine organisms. The application of broadband 
methods to scientific surveys of mesopelagic micronekton (animals of 2 - 20 cm length 
found at depths of 200 m to 1000 m) is described. The principles of the broadband 
system are briefly outlined with particular emphasis on its use for micronekton detection 
and identification employing the TS-frequency curve of single targets. The use of 
acoustic scattering models to determine characteristics of the marine organism such as 
size and material properties are also discussed. 
As an example of the application of this technique, broadband echosounders mounted 
on a depth-profiling platform were used to collect high-frequency (55 - 160 kHz, some 
gaps in between) acoustic data from mesopelagic depths (up to 600 - 1000 m) of the 
Great Australian Bight region. Some example results from narrowband and broadband 
echosounders are compared. The resulting frequency-dependent target strength curves 
of selected targets enabled classification into different acoustic groups, demonstrating 
the significant advantage provided by the broadband system. 
There is still a large gap between the obtainable acoustic classification and the ultimate 
aim of species-level classification, and to this end some limitations of broadband 
echosounder systems in identifying targets are discussed along with the use of video 
and still cameras to assist in the interpretation of acoustic data. 
The text of this chapter is a reprint of the material as is appears in Verma, A., Kloser, R. 
J., & Duncan, A. J, “Potential use of broadband acoustic methods for micronekton 
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6.1 Introduction 
Characterization and biomass estimates of micronekton (2 – 20 cm length animals 
including crustaceans, fish, squid and gelatinous organisms) inhabiting the mesopelagic 
region (200 m -1000 m), are primary inputs to ecosystem models to understand 
ecosystem function and make reliable forecasts for management (Benoit-Bird, & Au, 
2001; Brodeur et al., 2005; Davison et al., 2015; Jason Phillips et al., 2009; Kloser et al., 
2016; Lehodey et al., 2015; Lehodey et al., 2010; Robison et al., 1998; Scoulding et al., 
2015). Sampling mesopelagic species is often challenging and logistically arduous, due 
to their depth, movement, and behaviour (diel vertical migration) (Béhagle et al., 2014; 
Brodeur et al., 2005; Davison et al., 2015; Jason Phillips et al., 2009; Lehodey et al., 
2015; Lehodey et al., 2010). Echosounders are widely adopted for remote monitoring 
and quantification of the micronekton biomass (Kloser et al., 2009; MacLennan, & 
Holliday, 1996; Smith et al., 2013). Compared to other sampling methods, such as nets 
and optics, active acoustic methods discussed here are less intrusive and can sample at 
large temporal and spatial scales which can be post-processed afterwards (Gunderson, 
1993; Horne, 2000; Koslow, 2009; Medwin, & Clay, 1998; Simmonds, & MacLennan, 
2005). 
Echosounders transmit acoustic signals and receive the acoustic signals backscattered 
by the targets. Acoustic signals backscattered by targets can be converted into useful 
qualitative and quantitative biological information (Horne, 2000; Simmonds, & 
MacLennan, 2005). The complex interaction of transmitted acoustic signals, 
environmental parameters and animal properties including shape, size, orientation, 
behaviour, and even the physiological state can affect the backscattered acoustic signal 
(Foote et al., 1987; Kloser et al., 2002; Misund, 1997; Stanton, Wiebe, et al., 1998). The 
Target Strength (𝑇𝑆, dB re 1m2) is the lograthmic expression of the backscattering cross-
section ( 𝜎𝑏𝑠, m
2) of a target. 𝑇𝑆 represent the echo strength of a single point target and 
is often used to classify acoustic targets or groups of targets into biological units of 
species groups, numbers, size and biomass (Greenlaw, 1977; Holliday, 1972; 
Maclennan et al., 2002; Pieper et al., 1990; Zakharia et al., 1996). The 𝑇𝑆 can have a 
non-linear dependence on the transmitted signal frequency, animal size and composition 
(gas and fluid-filled) due to the complex diversity and depth distribution of species at 
mesopelagic depths. Hence 𝑇𝑆 measurements obtained at a single frequency, or a few 
discrete frequencies, may not allow the identification of the species present and therefore 
may not allow determinations of size and biomass. The broadband acoustic method 
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potentially offers considerable advancement over single frequency systems by providing 
a wider frequency bandwidth that is finely sampled in frequency (Chu, & Stanton, 1998; 
Demer et al., 2015; Horne, 2000; Jech et al., 2015; Kloser et al., 2011; Lavery et al., 
2010; Stanton et al., 2012; Verma et al., 2016). Broadband acoustic data can be 
processed to provide the frequency dependence of the 𝑇𝑆, allowing identification of 
targets based on the shape and amplitude of the curve (Demer, & Conti, 2005; Stanton 
et al., 1996; Stanton, Chu, et al., 1998; Stanton et al., 2000). 
The sampling volume is the measure of the physical volume of water that contributes to 
the acoustic backscattered signal received by the transducer at a particular instant. The 
sampling volume is a function of equivalent beam angle, range, sound speed and pulse 
duration of the signal (Foote, 1991a; Medwin, & Clay, 1998). To measure the 𝑇𝑆 of an 
individual animal, it is necessary that it be the only target within the sampling volume of 
the acoustic system defined by the pulse resolution, the angular beamwidth and the 
range (Simmonds, & MacLennan, 2005). 
 𝑉𝑜𝑙 =
𝑐𝜏
2
× 𝜋(𝑟 × 𝜃(𝜔))2 (6.1) 
 
Where 𝜔 (Hz) the angular frequency (2𝜋𝑓), 𝑐 is is the sound speed (ms-1), 𝜏 is the pulse 
duration (s), and 𝑟 is the range (m) from the echosounder. 
𝑐𝜏
2
 in Eq. (6.1) is the pulse 
length of the signal (m). 
For a circular transducer, the frequency-dependent beamwidth 𝜃(𝜔) radians, is defined 
as the angle between the  −3  dB differences in intensity on both sides of the beam of 
the transducer (Foote, 1991a; Lee, & Stanton, 2015). In case of a narrowband 
transducer, the range of frequencies emitted is very small, and the beamwidth is 
constant. Due to variation in the beamwidth with frequency, the sampling volume of a 
broadband transducer is different for different transmitted frequencies. To extract useful 
information and maximize the SNR output, broadband scattered signals are pulse 
compressed by applying a proper matched filter (Chu, & Stanton, 1998; Turin, 1960). 
The pulse duration of a matched filtered signal is given by Eq. (6.2). 
 𝜏 ≈
1
𝑊
  (6.2) 
 
where 𝑊 is the bandwidth of the signal (Burdic, 1991).  
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Figure 6.1: The plot of sampling volume versus range for transducer beamwidths of 14°, 18° and 
22° without pulse compressions and a beamwidth of 18° with pulse compression.  The bold black 
curve is the sampling volume of the narrowband transducer with fixed beamwidth (18°). The 
frequency bandwidth is 55 kHz to 90 kHz. The uncompressed pulse duration is 1 ms, and the 
compressed pulse length is 0.0214 m. The bold dashed line is obtained by applying pulse 
compression to the broadband signal. 
 
Pulse resolution for pulse compressed signals may be longer for off-axis targets due to 
change with the frequency spectrum of the transmit signal with off-axis angle that results 
from the frequency dependent transducer beampattern. Matched filtering of broadband 
signals combines all frequencies, which introduces considerable complexity when 
considering the pulse length for off-axis targets, so a full discussion of this effect is 
beyond the scope of this paper. For this paper, the sampling volume after pulse 
compression has been approximated by using the beamwidth at the central frequency 
and the pulse resolution for on-axis targets. Unlike narrowband where sampling volume 
is controlled by pulse duration, the sampling volume of a broadband system is controlled 
by the bandwidth and the wider the bandwidth the better is the spatial resolution after 
matched filtering. 
The variability in sampling volume with range, for different beamwidths of a circular 
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transducer (SIMRAD 70 kHz, bandwidth 55 – 90 kHz) and a pulse duration of 1 ms is 
drawn in Figure 6.1 (log scale). The curves in the figure illustrate the change in the 
sampling volume of a broadband system at different beamwidths including the pulse 
compressed and narrowband beamwidth values. The beamwidth was 18° at the center 
frequency, 14° at the highest frequency and 22° at the lowest frequency for a broadband 
sonar system. For the narrowband echosounder and pulse-compressed broadband 
signals the nominal center frequency beamwidth (18°) is considered. Pulse compression 
of signals reduced the pulse length from 0.75 m to 0.03 m. The sampling volume 
increases quadratically with the product of range and beamwidth. Pulse compression of 
a signal significantly reduces the sampling volume, hence improving the likelihood of 
being able to isolate a single target and therefore carry out 𝑇𝑆 measurements (Chu, & 
Stanton, 1998). 
Single target detection using a ship mounted system is challenging due to large sampling 
volume at a higher range from the sonar system. Lowered platforms are often used to 
allow sampling targets at shorter range, and hence smaller sampling volume and 
absorption loss, leading to better single target detection. Recent deployments of lowered 
combined acoustic and optical platforms have shown positive results in estimating the 
density and size distribution of the deep scattering layer (Kloser, 1996; Kloser et al., 
2016; Kloser et al., 2009). An extension of that work is to upgrade the single frequency 
echosounders used in a profiling system with broadband echosounders.  
The Great Australian Bight Research Program (GABRP), is a joint initiative of industries 
and research institutions to map a part of the deep water habitat of the region. One of its 
objectives is to monitor, identify, classify and quantify the mesopelagic habitat of the 
Great Australian Bight (GAB) region consisting primarily of mesopelagic crustaceans, 
squids, fishes, and gelatinous organisms (e.g. siphonophores) (Anthony et al., 1994; 
GABRP, 2013). The micronekton distribution and abundance in the GAB are believed to 
influence the local ecological features impacting the population dynamics of apex 
predators in the region (Rogers et al., 2013). As a part of the GABRP, a customized 
depth profiling platform fitted with two broadband transducers was used to sample the 
mesopelagic zone at depths to 1000 m.  This paper highlights some results from the 
initial trials of the broadband system demonstrating its capabilities and discusses its 
future application. The potential use of the broadband acoustic system to identify and 
classify targets is exhibited through characteristic TS-frequency curves of some selected 
targets. The obtained TS-frequency spectra are compared with the output of relevant 
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acoustic scattering models to anticipate the acoustic features of the targets. 
6.2 Material and Methods 
As a part of the GABRP, mesopelagic regions in the Great Australian Bight were 
acoustically sampled from 29 November to 22 December 2015 on the RV Investigator 
operated by the Marine National Facility [51]. The broadband acoustic system (SIMRAD 
EK80) consisted of two split-beam circular transducers; SIMRAD 70 kHz (𝑇𝐿), and 
SIMRAD 120 kHz  (𝑇𝐻), fitted to a custom designed depth profiling platform, the 
Instrumented Corer Platform (ICP) (Sherlock et al., 2014; Simrad, 2016). The ICP was 
deployed to maximum depths of 600 m to 1000 m at selected locations, and broadband 
acoustic data were recorded. Transducer 𝑇𝐿 and 𝑇𝐻 transmitted waveforms consisting of 
linear frequency sweeps across frequency ranges of 55 – 90 kHz and 95 – 160 kHz, with 
beamwidths of 18° and 7°at nominal center frequencies of 70 kHz and 123.2 kHz 
respectively. The uncompressed pulse duration of 𝑇𝐿 and 𝑇𝐻 were 0.512 ms and 0.256 
ms. Multifrequency acoustic datasets were collected at six distinct frequencies (18, 38, 
70 and 120 and 200 and 330 kHz) using a SIMRAD EK60 fitted on the lowered vessel 
keel for the whole survey period.  
 
Figure 6.2: An illustration of the acoustic ensonified volume by a vessel mounted echosounder, 
and a broadband sonar system mounted on a depth-profiling platform (ICP). 𝑥 (m3) represent the 
sampling volume of the narrowband sonar at 100 m whereas 𝑦 (m3) is the sampling volume of the 
broadband sonar at the same depth. Using a lowered depth probe facilitates smaller and constant 
sampling volume at all depths. 
 
Results from 70 kHz narrowband echosounder have been included to compare with the 
results from broadband echosounder system. The pulse duration for 70 kHz narrowband 
Chapter 6: Micronekton Classification using Broadband Acoustic 91 
 
 
 
transducer was 2.048 ms, and the beamwidth was 6.6°/6.4° (major axis/minor axis). A 
graphic representation of the whole setup is shown in Figure 6.2  Using a depth-profiling 
system (ICP) enabled short-range acoustic images to be obtained from the deeper ocean 
at a constant sampling volume which is not the case with vessel mounted transducers 
(Lavery et al., 2010). 
The preliminary analysis of acoustic datasets were carried using Matlab codes provided 
by Simrad and Echoview (Echoview, 2017; Simrad, 2016). Specific Matlab codes were 
developed to process broadband acoustic data to obtain the range, time, target strength 
(TS) and phase angles (Verma et al., 2016). Pulsed compressed echograms were 
generated after appropriate compensation for the absorption loss and two way spreading 
loss (𝑇𝑉𝐺 = 40 log 𝑅) (Francois, & Garrison, 1982). The TS frequency curve of selected 
targets were extracted using the system response of respective off-axis position. The 
obtained curves were further fitted with output of relevant acoustic scattering model 
(Distorted Wave Born Approximation (DWBA) and resonant scattering) to predict the 
probable features. Both broadband and narrowband echosounders were calibrated with 
the standard target calibration method (Demer et al., 2015; Stanton, & Chu, 2008). A 
38.1 mm tungsten carbide calibration sphere with 6% cobalt (WC38) was suspended 
below the transducers for the calibration. The broadband sonar systems were also 
calibrated for the depth dependent variability and frequency dependent beamwidth 
sensitivity. Results indicated the consistent performance of the broadband system with 
depth and off-axis angles for targets within the beamwidth of both transducers. 
6.3 Narrowband and broadband acoustic images 
High-resolution echograms of the mesopelagic habitat were generated using acoustic 
data recorded by the vessel mounted narrowband echosounder and the broadband 
echosounder mounted on the ICP. The echogram in Figure 6.3 (top)is the volume 
backscattering (𝑆𝑣, dB re 1m
-1) of a section of the water column extending from 50 m to 
150 m depth recorded by the narrowband echosounder at 70 kHz frequency. Scatterers 
distributed between 50 – 100 m have high volume backscattering intensity as compared 
to ones below 100 m. A long pulse length (0.75 m), a large sampling volume of 591.0 m3 
at 100 m range from the vessel and high target density results in low spatial resolution. 
The area within the red lines in the echogram corresponds to the region mapped by the 
broadband sonar system. (Note: the regions do not overlap). Although both 
measurements were taken at the same time there, was a spatial separation of 10 m 
Chapter 6: Micronekton Classification using Broadband Acoustic  92 
 
 
 
between the two recordings.   
 
Figure 6.3: Echogram of the volume backscattering measured by 70 kHz narrowband system 
mounted on the vessel. The area within the red lines corresponds to the region sampled by the 
broadband sonar system (EK80). b) is the pulse compressed 𝑇𝑆  obtained from TL transducer (55 
– 90 kHz), corresponding to the region bounded by a black rectangle in the narrowband 
echogram.  
 
A pulse compressed 𝑇𝑆 echogram using broadband signals for a section of echogram 
(black rectangle) is drawn in Figure 6.3 (bottom). In the broadband echogram, individual 
targets are visible. Using a depth profiling platform had advantages of reduced range 
and constant sampling volume even at larger depths. (Note: that the apparent 
synchronous vertical movement of the targets in Figure 6.3 (bottom) is an artefact of the 
motion of the ICP caused by its taught-cable connection to the ship).Recording just 
above the biota at a lower range (10 m) in the second echogram and small pulse length 
(0.03 m) after pulse compression leads to decreased sampling volume of (0.23 m3) and 
hence improved possibility of single target detection. Also, the reduced range leads to 
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less absorption and transmission loss, providing a high signal to noise ratio (SNR) 
compared to the narrowband system (Stanton, & Chu, 2008). 
6.4 Broadband acoustic spectra and target 
identification 
Determining a target’s characteristic features and physical nature from echograms or 𝑇𝑆 
measurements at a few distinct frequencies can be a challenge as targets with the same 
echo intensity could arise from entirely different groups of marine organisms (Benfield et 
al., 2003). Using frequency-modulated broadband signals enables the extraction of 
spectral characteristics of the backscattered signal, which can greatly aid in target 
identification. To illustrate this, the 𝑇𝑆 frequency curves of two single targets measured 
at the same depth, ~600 m during an ICP deployment were constructed and 
subsequently fitted with the predictions of suitable numerical scattering models.  
 
Figure 6.4 Two different targets in a pulse compressed echogram and their acoustic signatures. 
a) location of two single targets (within red rectangle) identified in the pulse compressed 𝑇𝑆 
echogram measured by the transducer TL (55 – 90 kHz) at ~600 m depth. The region of high echo 
level at ~14 m is due to the calibration sphere suspended below the transducers. b) acoustic 
signature of a scatterer at ~600 m depth and 15 m range with 𝑇𝑆 oscillating around -55 dB. c) 𝑇𝑆 
versus frequency plot of a target at 8 m  range indicates a gas enclosure resonant at 62 kHz. The 
averaged 𝑇𝑆 value of all pings are plotted as a black line in both b) and c). 
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To obtain these results, pulse compressed echograms generated using broadband 
datasets recorded by both 𝑇𝐿 and 𝑇𝐻 transducers were visually inspected for targets to 
confirm the presence of only one target in the volume defined by the transducer’s centre-
frequency beamwidth, the uncompressed pulse length and the target’s range. The target 
strength versus frequency curves was then obtained by a method described in detail in 
a recently submitted publication by the authors that conceptually involves dividing the 
spectrum of the received signal by the spectrum of the signal incident on the target. 
Figure 6.4 (a) is a pulse compressed echogram generated using the data recorded by 
transducer TL across 55 – 90 kHz at ~600 m depth. The region of high echo level (~50 
dB) originates from the calibration sphere (WC38) suspended below the transducers. 
Two single targets enclosed in red rectangles in the echogram were selected, and their 
𝑇𝑆-frequency curves are drawn in Figure 6.4 (b) and (c). 
 
Figure 6.5: TS-frequency spectrum of the first target. The grey lines are the 𝑇𝑆 value of individual 
pings, the thin black line is the averaged TS, and the thick black line represents the predicted TS 
from the DWBA model, based on material properties of a squid (length = 13.1 cm, density ratio = 
1.01 and sound speed contrasts = 1.01). 
 
A small gap between 90 – 95 kHz in TS frequency curves is due to the frequency gap 
between TL and TH transducers. The 𝑇𝑆-frequency spectra of the first target illustrated in 
Figure 6.4 (b) highlight high 𝑇𝑆 amplitude (-55 dB), recurring oscillations with peaks and 
nulls at a constant frequency interval (10 kHz) across the entire frequency band. In 
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contrast, the TS-frequency curve of the second target exhibits a single peak,-46.14 dB 
at 62.7 kHz (Figure 6.4 (c)). 
 
Figure 6.6: Modeled resonant scattering 𝑇𝑆 curve as a function of frequency of a target at 600 m 
depth with -46.14 dB  𝑇𝑆 at the resonant frequency of 62.7 kHz. 𝑇𝑆 value of individual pings (grey), 
averaged 𝑇𝑆 (black) and modeled 𝑇𝑆 (bold black bold) are shown in the figure. 
 
To obtain insight into the characteristics of the two targets, their 𝑇𝑆 curves were fitted 
with the prediction of appropriate numerical models, assuming the targets could be 
modelled as simple geometrical shapes with fixed material properties. The 𝑇𝑆 spectrum 
of the first target is typical of a weakly scattering fluid-filled organism though the 𝑇𝑆 has 
a higher amplitude (-55 dB) than most fluid-filled animal (Chu et al., 1993; Demer, & 
Conti, 2004; Jech et al., 2015; Stanton, & Chu, 2000; Stanton et al., 1996). The TS 
amplitude and shape of the first scatterer (Figure 6.4 (b)) match closely to squid 
signatures given in Jones et al. (2009). The obtained TS spectrum was manually fitted 
with the predicted output from a model based on the Distorted Wave Born Approximation 
(DWBA) developed for fluid-filled animals (Figure 6.5) (Stanton et al., 1996; Stanton, 
Chu, et al., 1998). The predicted TS (bold black line) was obtained assuming the target 
to be a squid, 13.2 cm in length, with an aspect ratio of 2.5, and sound speed and density 
contrasts of 1.01. The predicted 𝑇𝑆 is a reasonable fit to the data for nulls and peaks 
positions and 𝑇𝑆 amplitude in the high-frequency region. However, in the absence of 
proper ground-truthing, the species of the organism cannot be uniquely determined, as 
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the possibility of other organisms or parameters providing an equally good or better fit 
cannot be ruled out. 
The spectra of the second target (Figure 6.4 (c) exhibited a resonant scattering often 
linked to gas-enclosed organisms (Love, 1978b; Stanton, & Chu, 2010). This is 
confirmed by fitting the TS curves with the prediction of a resonant scattering model 
(Figure 6.6) as in Kloser et al. (2002). The model assumes that the target acts as a gas-
filled spherical bubble at the target’s measured depth, with a volume and damping factor 
fitted to the measured 𝑇𝑆 (Andreeva, 1974; Weston, 1967; Ye, 1997a).   The fitted values 
of these parameters correspond to a bubble radius of 0.4 mm and a resonance quality 
factor, Q, of 10. This typical resonant scattering curve could either be attributed to 
micronekton with a gas enclosure of  radius 0.4 mm or slightly larger or something of 
larger volume enclosed within a more substantial membrane, muscle layer etc. that itself 
has significant elasticity (Baik, 2013; Love, 1978b). 
Although these results illustrate the insights that can be obtained using such a system 
they also highlight that definitively identifying targets in the absence of a visual 
verification remains a challenge due to the complexities of the scattering mechanism. 
6.5 Discussion and Conclusion 
This study highlights the advantages of a depth-profiling broadband sonar system over 
vessel mounted narrowband systems for monitoring of mesopelagic habitat.  A brief 
review of principles of broadband acoustics is presented with the potential application to 
target detection and identification using TS-frequency curves of selected targets. Single 
target analyses using conventional vessel mounted narrowband echosounders are often 
challenging due to large sampling volume at a longer range, low spatial resolution, and 
the availability of a backscattered signal only at certain discrete frequencies [30]. Using 
a broadband sonar system on a depth profiling platform allowed high spatial resolution 
data to be obtained over a wide range of depths, and also the characterization of 
individual targets through measurement of their TS-frequency curves. Fitting, numerical 
scattering models to these TS-frequency curves provides a means of relating them to 
the physical characteristics of the scatterer, but there is much more still to be done in 
this regard. Measured broadband spectra of organisms may change due to size, shape, 
orientation or depth (in the case of gas-filled cavities), and therefore may not be unique 
to a species or size class of a species. This introduces uncertainties in using geometry-
based acoustic scattering models to infer the species and size of the targets from the 
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measured values in the absence of appropriate visual verification. 
Through comparison with the ship mounted narrowband system in Section 3, we have 
shown that pulse compressed broadband signals provide an enhanced resolution on the 
vertical scale allowing smaller micronekton to be acoustically imaged. Mounting the 
broadband echosounder on a depth-profiling platform enabled sampling mesopelagic 
depths at a finer spatial scale and constant smaller sampling volume. Recording targets 
at a small range may also enable extraction of acoustic properties of individual organisms 
which will aid in the identification and classification of other similar organisms. This will 
also assist in the interpretation of vessel-based volume scattering measurements for 
species composition and density (Kloser et al., 2009). 
The disadvantage of a lowered platform include that it is only possible to make 
measurements when the vessel is stationary, and it could potentially modify the 
behaviour and response of organisms more than a vessel mounted system, leading to 
biased measurements (Stanton, & Chu, 2010). The former problem can be alleviated by 
using a variable depth towed system, but such a system would sample a smaller 
proportion of the water column at any one time than typical vessel mounted systems. 
In theory, broadband systems have smaller sampling volumes and potentially better 
noise performance than narrowband systems. However, given the current transducer 
technology with frequency-dependent beamwidth, achieving these are practically 
challenging. Further, in a broadband sonar system, changes in the position of a target 
within the frequency dependent beam pattern induces variability to the 𝑇𝑆 
measurements. Hence, removal of the beam pattern effect is critical to improving the 
accuracy of measurements (Ehrenberg, 1979; Stanton, 2012). Measurements from both 
the targets Figure 6.4 (b) and (c)) were compensated for their position using a method 
developed by the authors (paper in review). 
It remains a challenge to incorporate the broadband technology into methods that 
quantify and characterise the distribution and abundance of key species and quantify 
their size and biomass (Godø et al., 2014). An integrated set-up simultaneously using 
acoustics, optics, and net sensors could provide the visual ground truthing, of the 
sampled biota(Kloser et al., 2016; Kloser et al., 2009). The Profiling Lagrangian 
Acoustical Optical System (PLAOS) allows active acoustics instruments to be merged 
with high-resolution optical stereotypes and video cameras for use in qualitative and 
quantitative analysis [69]. Future work will be to integrate the broadband acoustic system 
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with the optical still images and video camera of Kloser et al. (2016). This would enable 
validated acoustic measurements providing added information for interpreting 
broadband measurements. 
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Chapter 7 
 
 
In situ Target Strength and Target Phase 
Measurements of Optically Verified 
Micronekton 
 
Broadband echosounders complemented with optical sensors (video and still cameras) 
were used to investigate live micronekton in the mesopelagic region (~200 – 1000 m) of 
the Southern Ocean. To verify the presence of an acoustically sampled organisms, a 
technique was developed to transform a scatterer’s position in the pulse-compressed 
echogram to its position in the concurrent photograph taken by the camera. The acoustic 
signature (frequency response of the target strength, 𝑇𝑆(𝑓) and the residual 
phase, 𝑅𝑃(𝑓)) of several optically verified micronekton were used to classify them into 
acoustic groups thereby demonstrating the classification capacity of a broadband 
acoustic system. Further, to confirm the utility of 𝑅𝑃(𝑓) in acoustic analysis, the acoustic 
signature of three different targets exhibiting resonant scattering were inverted using a 
numerical scattering model to infer its physical characteristics. The theoretically 
predicted 𝑇𝑆(𝑓) and 𝑅𝑃(𝑓) of the modelled targets matched the measured 𝑇𝑆(𝑓) and 
𝑅𝑃(𝑓) values for all pings confirming the possibility of using 𝑅𝑃(𝑓) as an acoustic 
classification metric. Further work is required to substantiate the technique by 
undertaking measurements from different organisms and matching them to the output of 
appropriate numerical scattering models. A detailed description of the system 
configuration, algorithm, and the processing is provided along with the discussion of 
advantages and challenges.
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7.1 Introduction  
The mesopelagic region of the Southern Ocean forms a habitat to many species of 
micronekton (fishes, cephalopods and crustaceans, and gelatinous organisms (Koslow 
et al., 1997; Williams et al., 2001; Williams, & Koslow, 1997; Young et al., 1996). These 
organisms are known to play a central part in the ocean’s food web dynamics, linking the 
lower level zooplankton to the top-level pelagic predators (Brodeur et al., 1999; Sinclair 
et al., 1999). An insight into their distribution patterns, biomass abundance and 
ecological processes can provide valuable inputs for their sustainable conservation 
management (Handegard et al., 2013; Lehodey et al., 2010). The primary sampling tools 
to do this have been acoustic, net and optical samplers. A significant need is the 
improvement of these tools for broad-scale monitoring and in particular, the use and 
interpretation of new acoustic sensing methods (Verma et al., 2016). 
The implementation of ecosystem-based management system strategies requires an 
increased focus on the quantification of micronekton biomass and more species-level 
information. Broadband acoustic scattering techniques are being used to investigate the 
individual and community level structures of these organisms (Au, & Benoit-Bird, 2008; 
Bassett et al., 2017; Verma et al., 2017). The extraction of the spectral response of 
backscattered energy over a wide frequency range and increased spatial-resolution from 
the signal pulse compression improves the detection of individual scatterers’ (fish, squid 
or crustacean) (Lavery et al., 2010; Stanton, & Chu, 2010). 
The frequency response of the target strength, 𝑇𝑆(𝑓), (dB re 1 m2) is a critical parameter 
for remote detection of individually resolvable targets as it depends on the organism’s 
shape, size, orientation, behaviour, and even physiological condition (Foote, 1980; 
Martin Traykovski et al., 1998; Ona, 1990b; Simmonds, & MacLennan, 2005). In situ, 
𝑇𝑆(𝑓) remains one of the most effective ways to characterise an organism despite 
numerous challenges (Ehrenberg, 1983; Foote, 1991c). Nonetheless, obtaining the 
precise 𝑇𝑆(𝑓) of individual scatterers’ from a hull-mounted echosounder can be 
challenging due to the long sampling range and large acoustic sampling volume (Foote, 
1991a). An alternative solution to using near-surface mounted transducers is to lower 
the transducer into the deep regions of the ocean using various hardware platforms 
(Kloser et al., 2002). A shorter range from the transducer minimises propagation loss, 
decreases the acoustic volume and increase the chances of sampling a single organism 
while minimising interpretation of multiple organisms as a single target (Soule et al., 
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1995). 
The target induced phase distortion in the backscattered signal has the potential to be 
used as an additional acoustic classifier for detection and identification purposes (Barr, 
& Coombs, 2005; Braithwaite, 1973). Unlike narrowband echosounders, a broadband 
echosounder conserves the signal in its complex form (Medwin, & Clay, 1998) from 
which the target phase, 𝜑𝑏𝑠 (𝑓) (°) can be extracted as a function of frequency ( shown 
in Chapter 5). However, uncertainties due to the wrapping (Al-Nashi, 1989) and the range 
accumulations (Lyon, 1984) in the signal phase causes challenges in obtaining 
meaningful information. As a result, several methods are used to minimise the 
propagation and range effects. Consequently, despite several controlled studies in the 
last few decades, there is a lack of application of the target phase to detection and 
classification of marine organisms. 
In Chapter 5, two variables, differential phase, 𝐷𝑃(𝑓), (𝐷𝑃(𝑓) =
𝑑(𝜑𝑏𝑠 (𝑓)
𝑑𝑓
) (°/kHz) and 
residual phase, 𝑅𝑃(𝑓) (𝑅𝑃(𝑓) = 𝜑𝑏𝑠 (𝑓) − 𝑓 × 𝑚𝑒𝑑𝑖𝑎𝑛(𝐷𝑃(𝑓)) (°) were used to visualise 
the implicit target induced phase distortion in the signal. 𝐷𝑃(𝑓) was found prone to the 
effect of noise, and thus, the target’s specific features were masked. 𝑅𝑃(𝑓) provided 
useful information, even when the signal to noise ratio was low. 
For accurate interpretation, it is important that targets detected with echosounders are 
identified by using complementary techniques (McClatchie et al., 2000). Several 
methods such as nets (Didrikas, & Hansson, 2004; Ryan et al., 2009), or optical sensors 
(Kloser et al., 2016; Sawada et al., 2004) have been used, all with various limitations and 
advantages. The main issue with net capture is that the catch may not be representative 
of the acoustically sensed organism (Kloser et al., 1997; Koslow et al., 1995). Nets 
sample a large volume and capture a high diversity of organisms in the mesopelagic 
region. Allocation of the many net species to the independent acoustic system is not 
possible. Additionally, most gelatinous zooplanktons are severely damaged beyond 
recognition (in particular the gas-bearing siphonophores). To provide in situ visual 
verification, a synchronised camera is an attractive option as it can produce exact three-
dimensional information of the acoustically sampled target (species, size, texture, and 
orientation) (Jaffe et al., 1998). On the downside, the use of a camera is limited by the 
small sampled volume, multiple targets in the optical field (Barange et al., 1996) and 
possible modification in the behaviour of organism due to the use of light (Sawada et al., 
2009). In fisheries and ecosystem research, the use of complementary acoustic-optics 
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sensors is often used to provide visual verification of acoustic ensonified targets 
(Johnson et al., 1956; Kloser et al., 2016). 
By utilising visually verified spectra the potential corruption of the in situ, 𝑇𝑆(𝑓) and 
𝜑𝑏𝑠 (𝑓) by microbubbles, microstructure, or other small organisms in the pulse resolution 
volume can be minimised (Henderson, & Horne, 2007). Due to optical range resolution 
(<10 m) and the need for artificial light, the behaviour of organisms is often modified. 
Therefore it is not often possible to directly use 𝑇𝑆(𝑓) and 𝜑𝑏𝑠 (𝑓) of the observed spectra 
without understanding how behaviour induced tilt orientations influence 𝑇𝑆(𝑓) 
and 𝜑𝑏𝑠 (𝑓). 
Acoustic scattering models are often developed and used to assist in the interpretation 
of in-situ data and its extrapolation. In a measurement-model approach, the experimental 
acoustic backscatter is matched to the output of the theoretical numerical acoustic 
scattering models (Jech et al., 2015). In situ, 𝑇𝑆(𝑓) can be adequately modelled using 
the morphological and material information of the acoustically sampled scatterer. Using 
the known properties, these models approximate an organism as a simple or complex 
geometric shape, with homogenous or heterogeneous material properties and simulate 
the 𝑇𝑆(𝑓) (Anderson, 1950; Love, 1978b; Reeder et al., 2004; Stanton, 1990; Stanton et 
al., 1993). For a given model, the parameters such as the size, shape and material 
properties are varied to find a match with the measured 𝑇𝑆(𝑓). Though these models 
predict the complex backscattering amplitude, 𝐹𝑏𝑠(𝑓) (m) only the absolute part or the 
amplitude (|𝐹𝑏𝑠(𝑓)|) is usually used in the analysis (Clay, & Horne, 1994; Horne, 2000; 
Medwin, & Clay, 1998). By expanding these models to predict 𝑅𝑃(𝑓), the capability of 
present models towards identification could be improved, especially when attempting to 
distinguish between targets with similar 𝑇𝑆(𝑓). This would enable a two-parameter 
classification where both amplitude and phase are matched for identification. 
The study aims to obtain 𝑇𝑆(𝑓) and 𝑅𝑃(𝑓) responses of optically verified live micronekton 
from the mesopelagic region. The question of whether 𝑅𝑃(𝑓) can be used as a reliable 
acoustic classifier is also addressed. For this study, synchronised acoustic and optics 
data collected from the Profiling Langrangian Acoustic Optics System, (PLAOS), 
platform deployed in the Southern Ocean were used. The PLAOS has been designed 
and developed by the Marine National Facility, CSIRO, in Hobart, to collect high-
resolution integrated acoustic-and optics data from the deep ocean at depths to ~1000 
m (Marouchos et al., 2016). A method to visualise a target detected on the echogram on 
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the corresponding photo was developed. The acoustic signatures were drawn. The 
empirical values of different scatterers exhibiting resonance were matched to the output 
of an optimal numerical scattering model. 
The theoretical development, PLAOS configuration and processing is detailed in section 
7.2. The results are presented in section 7.3. The strengths, limitations of the technique 
and the future direction are discussed in section 7.4, followed by the conclusion in section 
7.5. 
7.2 Method 
7.2.1 Data collection 
As part of a Southern Ocean Time Series Voyage onboard Australians’ Marine National 
Facility vessel, RV Investigator a Profiling Lagrangian Acoustic Optical System (PLAOS) 
was deployed to characterise the mesopelagic micronekton (Marouchos et al., 2016). 
For this work, we review data from the PLAOS (Figure 7.1) deployed to a mesopelagic 
depth of 1000 m at S 45.938°, E 142.060° from 08:50 to 10:13 UTC on the 23rd March 
2017. This corresponds to local night time (19:20 to 20.40 hrs) as it captures the vertical 
diel migration of these animals to epipelagic (0 to 200 m) depths.  
 
Figure 7.1: The PLAOS ready to be deployed. The platform carried two broadband and a 
narrowband echosounder, two optical cameras, a video recorder and two optical strobes. The 
buoys (green) on top allow the platform to maintain the motion. 
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The PLAOS has been designed and developed by CSIRO in Hobart, to collect high-
resolution integrated acoustic-and optics data from the deep ocean at depths to ~1000 
m based on a previous instrument (Marouchos et al., 2016). For the experiment, the 
PLAOS platform housed two broadband split-beam transducers (Simrad ES70-18CD 
and ES120-7CD), two single-lens reflex cameras (Canon EOS-1D X) and a video 
camera (GBO S1080 1’’ Network). Two optical strobes were mounted to illuminate the 
sampled region. The platform held a motion sensor (Microstrain 3DM-GX1) and a CTD 
profiler (Seabird Electronics SBE37DO, SN 11417). A split-beam single frequency 
transducer (ES120-7CD) was also mounted on to the platform, but data from this 
instrument were not included. A detailed configuration of the acoustic and optics sensors 
PLAOS system configuration are shown in Table 7.1 and.Table 7.2. 
Table 7.1: The configuration parameters of the two broadband echosounders. 
Parameters Units Values 
  
ES70 - 18 CD ES120-7CD 
Transceiver EK 80 
WBT 562899-
15  
WBT 536012-15     
Serial number  116 109 
Frequency kHz 70 120 
Beamwidth Degrees 17.3 7.2 
Power W 400 250 
Pulse length µs 2048 2048 
Pulse type  FM FM 
Frequency range  kHz 55 - 90 95-160 
Equivalent beam 
angle 
dB re 1 
Steradian 
-13 -20.7 
Transducer Gain dB 18 25 
Sound speed ms-1 1493 1493 
Angle sensitivity  10 23 
Sphere range m 5.5 4.4 
 
 
 
 
Table 7.2: The configuration of the still and the video camera. 
Variables Units 
Oblique 
camera 
Vertical 
camera 
Vertical video 
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Model  
Canon EOS-1D 
X 
Canon EOS-1D X GBO S1080 
Type  DSLR DSLR Network camera 
Sensor size mm 36 X 24 36 X 24 12.8 X 9.6 
Focal 
length 
mm 35 25 12.5 
Dimensions pixels 5184 X 3456 5184 X 3456 1920 X 1080 
Resolution dpi 72 72  
F-stop  f/6.3 f/11  
Exposure sec 1/250 1/250  
ISO speed  6400 3200  
 
The transducers, ES70-18CD and ES120-7CD, operated at the frequency range 55 – 90 
kHz and 95 – 160 kHz. The beamwidths were 18° and 7° at their centre frequencies of 
70 kHz and 120 kHz. One of the cameras was installed so that its field of view included 
the acoustic axis of the 70 kHz echosounder. The other camera was placed at an oblique 
angle to capture the surrounding biota. The video camera was fitted to capture live 
recordings of the acoustic sampling volume. Additional datasets, conductivity, 
temperature, and depth and platform orientation were obtained from the CTD profiler and 
motion sensor. All the instruments were synchronised to the same time. During the 
deployment, the platform was lowered into the water and allowed to fall freely at its 
terminal velocity of approximately 0.4 m/s. The system was monitored from an onboard 
controller, and a rope tether was used for retrieval. 
The echosounders recorded acoustic reflection with the maximum range set to 50 m. 
The cameras captured one photograph every two seconds. To perform in situ calibration, 
two tungsten carbide spheres (6% cobalt binder) 38.1 mm (WC38) and 22 mm (WC22) 
in diameter were suspended at 4.4 m and 5.5 m below the transducer. The intention of 
using two spheres was to optimise the entire frequency bandwidth from 55 – 160 kHz. 
The spheres need to be placed in the far-field range of the transducers. The near to far-
field transition occurred around the range (𝑟 > 𝑑
2
𝜆⁄ ) (Table 7.3), where d is the 
operational diameter of the transducer and 𝜆 is the wavelength. Three optical tags were 
placed at 1, 2 and 3 m below the transducer to provide a sense of depth in the photos. 
Table 7.3: The near to far-field transition range of the transducers. 
Parameter  Units  ES70-18 CD  ES120-7CD (m)  
Frequency  kHz 55, 70, 90 95, 120, 160  
Near to far-field transition 
range 
m 
0.31, 0.25, 0.19  1.01, 0.80,.0.61 
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7.2.2 The frequency response of the target strength and 
residual phase  
To convert the raw broadband acoustic data collected by PLAOS to a single target 
amplitude and residual phase frequency response the following method was applied. 
𝐹𝑏𝑠(𝑓) of any unknown acoustic target can be determined via Eq. (7.1)  
 𝐹𝑏𝑠(𝑓)  =
𝐶𝑃𝑅(𝑓)
𝐶𝑃𝑇(𝑓)𝐿𝑇𝐿(𝑓)𝐻(𝑓, 𝜃)
 (7.1) 
 
In the equation, 𝐶𝑃𝑇(𝑓) is the autocorrelation of the transmitted signal and 𝐶𝑃𝑅(𝑓) the 
cross-spectrum of the received and transmitted signals. 𝐻(𝑓, 𝜃) is the combined 
transmit/receive response of the transducer at the frequency, 𝑓 and off-axis angle 𝜃 
within the acoustic beam. Including 𝜃 allows us to include the directivity response of a 
circular transducer. 𝐿𝑇𝐿(𝑓) is the two-way transmission loss due to the signal 
propagation, spreading and absorptions (𝐿𝑇𝐿(𝑓) =
1
𝑟2
𝑒
𝑖(
4𝜋𝑓
𝑐𝑤
)𝑟
𝑒2𝛼𝑤(𝑓)𝑟) where 𝑟 (m) is the 
range, 𝑐𝑤 (m/s) is the speed of sound in water and 𝛼𝑤(𝑓) is the absorption loss. Once 
𝐹𝑏𝑠(𝑓) is determined 𝑇𝑆(𝑓) and 𝑅𝑃(𝑓) of the target can be derived via Eq. (7.2) and (7.3). 
For a detailed description of the background theory, refer to section 3.2.1 and section 
5.2.2. 
 𝑇𝑆(𝑓) = 10 𝑙𝑜𝑔10|𝐹𝑏𝑠(𝑓)|
2 (7.2) 
 
and  
 𝜑𝑏𝑠(𝑓) = 𝑢𝑛𝑤𝑟𝑎𝑝(𝑎𝑛𝑔𝑙𝑒(𝐹𝑏𝑠(𝑓))  (7.3) 
 
The computed 𝑇𝑆(𝑓) are corrected for the transducer directivity due to the use of 𝐻(𝑓, 𝜃) 
corresponding to the position within the acoustic beam. In Chapter 5 it was shown that 
the phase values within the main lobe are independent of 𝜃. Therefore, to 
calculate 𝑅𝑃(𝑓), 𝐻(𝑓, 0) is used in Eq. (7.1) instead of 𝐻(𝑓, 𝜃). 
7.2.3 Data analysis  
The acoustic and video datasets were first investigated using Echoview (Echoview, 
2017) and later a detailed analysis of all three (acoustic, video and photograph) was 
carried in Matlab (Toolbox, 2016). 
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7.2.3.1 Preliminary processing  
A preliminary investigation was conducted using Echoview as it allowed simultaneous 
inspection of the video and acoustics data. Organisms within the 90° field of view of the 
camera could be distinguished at ranges up to ~6 m. The region between 0 and 2 m was 
in the near field of the transducer and hence was ignored. The Echoview single target 
detection algorithm (wideband) was run between 2 - 8 m. The variables for the algorithm 
were set to -70 dB for the compensation TS threshold, 6 dB the pulse length 
determination level (PLDL). The minimum and maximum normalised pulse length were 
0.01 and 1.5, and the frequency graph size window was 0.15 m above and below the 
target. The maximum standard deviation of the major and minor axis angles was 0.6°, 
and the maximum beam compensation parameter was 12 dB (Echoview, 2017). 
The pulse-compressed echogram was synchronised to the video file to link imaged and 
acoustic recordings. The video was inspected to confirm the presence of micronekton. 
Regions with multiple organisms were ignored. When a single acoustic target 
corresponded to an organism in the video, the frequency versus 𝑇𝑆(𝑓) curve was drawn 
to make an initial impression of the scatterer’s features. The objective was to include 
micronekton with different scattering characteristics. Micronekton seen on the video and 
as a single target in the echogram were searched for their presence in the corresponding 
photograph taken by the vertical camera. Once an organism’s occurrence was confirmed 
by all three methods, the echogram, video and the photograph, the time and range were 
logged. Due to the poor frame rate of the camera, very few animals could be identified 
simultaneously in all the three datasets. Further processing was then carried out with 
custom-designed Matlab codes specially developed for the purpose. 
7.2.3.2 Conversion from 3D acoustic to 2D pixel coordinates. 
A split-beam transducer measures a scatter’s location in the three dimensions: range 
and major and minor angles from the transducers central axis (Ehrenberg, 1981). It was 
assumed that the water within the sampling volume was homogenous at a constant 
density and sound speed. A single vision camera generates photographs in a two-
dimensional pixel coordinate system from one viewpoint. An algorithm was formulated 
to transfer 3D acoustic coordinates of a scatterer to 2D pixel coordinates in the 
photograph. There were four coordinate systems, the PLAOS (𝑥𝑝, 𝑦𝑝, 𝑧𝑝), echosounder 
(𝑥𝑎, 𝑦𝑎 , 𝑧𝑎) camera ((𝑥𝑜, 𝑦𝑜, 𝑧𝑜) and the photo (𝑢, 𝑣). The position and the tilt of the 
echosounder and the camera, to the centre of the PLAOS coordinate system, are given 
in Table 7.4. 
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Table 7.4: The tilt angles and distance of the camera and transducer to the centre of the PLAOS 
coordinate system. 
Variables Units ES70-18CD  Canon EOS-1D X 
Tilt in XZ plane  (°) 2.5 7.5 
Tilt in YZ plane (°) 1.5 1.5 
Distance from 70 kHz (x, y and z)  mm (0,0,0) (-310,-140,0) 
 
 
Assuming that a target, T1 was sampled simultaneously by the echosounder and the 
vertical camera.T1 was seen at (𝑥𝑎1, 𝑦𝑎1, 𝑧𝑎1) in the echosounder coordinate system, 
and at (𝑥𝑜1, 𝑦𝑜1, 𝑧𝑜1) in the camera coordinate system. In the PLAOS coordinate system, 
T1 was situated at (𝑥𝑤1, 𝑦𝑤1, 𝑧𝑤1). The same T1 could be seen at (𝑢𝑜1, 𝑣𝑜1) in the 
photograph. 
The transfer of T1 from (𝑥𝑎1, 𝑦𝑎1, 𝑧𝑎1) to (𝑢𝑜1, 𝑣𝑜1) was realised in three steps (a) 
conversion from the echosounder to the PLAOS coordinate system, Eq. (7.4); (b) the 
transformation from the PLAOS to the camera coordinate system Eq. (7.5); and, finally 
(c) conversion from the 3D coordinate system of the camera to the 2D system of the 
photo Eq. (7.6) and Eq. (7.7). In the equation, 𝑅𝑎 = [𝑅𝑎𝑧𝑅𝑎𝑦𝑅𝑎𝑥] and 𝑅𝑜 =
[𝑅𝑜𝑧𝑅𝑜𝑦𝑅𝑜𝑥] were the rotational matrix and [
Txa
Tya
Tza
] and [
Txo
Tyo
Tzo
] were the translation vector 
along x, y and z directions in the echosounder and camera coordinate system. 
 [
𝑥𝑤1
𝑦𝑤1
𝑧𝑤1
]  = [𝑅𝑎] [
𝑥𝑎1
𝑦𝑎1
𝑧𝑎1
] + [
𝑇𝑥𝑎
𝑇𝑦𝑎
𝑇𝑧𝑎
] (7.4) 
 
Similarly,  
 [
𝑥𝑜1
𝑦𝑜1
𝑧𝑜1
]  = [𝑅𝑜] [
𝑥𝑤1
𝑦𝑤1
𝑧𝑤1
] + [
𝑇𝑥𝑜
𝑇𝑦𝑜
𝑇𝑧𝑜
] (7.5) 
 
The focal length, 𝑓𝑜𝑎 (m
-1) of the camera in air modifies to 𝑓𝑜𝑤, (𝑓𝑜𝑤 = 𝑓𝑜𝑎/𝑛𝑤) in water 
with refractive index 𝑛𝑤. The horizontal and vertical sensor size of the camera were ℎ 
and 𝑤 (mm) given in Table 7.2 and ℎ𝑟𝑒𝑠 and 𝑤𝑟𝑒𝑠 were the horizontal and vertical 
resolution in pixels. 
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 𝑢𝑜1  = (𝑓𝑜𝑤 (
𝑥𝑜1
𝑧𝑜1
) +
ℎ
2
) × ℎ𝑟𝑒𝑠 (7.6) 
 
 𝑣𝑜1  = (𝑓𝑜𝑤 (
𝑦𝑜1
𝑧𝑜1
) +
𝑤
2
) × 𝑤𝑟𝑒𝑠 (7.7) 
 
To test the accuracy of the transformation technique acoustic coordinates of the optical 
tags and the calibration spheres were transformed (Figure 7.2). In another example, a 
single target identified at 3 m matched to a squid in the corresponding image file. The 
squid was also seen in the video at the same time. 
 
 
Figure 7.2: The optical tags at 2 and 3 m and spheres at 4.2 and 5.5 m marked with a red box in 
the echogram (top left) transformed to the image (top right). The range of each is shown in the 
legend. A single target at 3 m in the echogram (red box) was identified as a squid from the video 
(bottom left). The acoustic coordinates, when transformed pointed at the squid in the photo 
(bottom right). 
7.2.3.3 Acoustic processing  
To calibrate the acoustic system backscattered signals from the WC22 sphere was used 
to determine 𝐻(𝑓, 𝜃) of the transceivers. Although the WC22 sphere is not a preferred 
target for calibration in the frequency range 95- 160 kHz, it was chosen, due to a 
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comparatively flat response between 55 and 160 kHz as compared to the WC38 sphere 
(Demer et al., 2015). A Matlab code (Chu, 2011) was used to derive the 𝐹𝑏𝑠,𝑐𝑎𝑙(𝑓) (Faran, 
1951; MacLennan, 1982). Signals were time-gated using a Hanning window of length 
0.4 m from the peak to both sides. Recordings between 0.0° and 3.5° off-axis angle and 
200 – 500 m depth, were divided into bins, each of an angle width 0.5°. To remove noise 
from unwanted scatters and reverberation, recordings beyond one standard deviation of 
the mean TS for each bin were excluded (assuming the data distribution to be a 
Gaussian). A conservative 68% confidence interval based on a normal distribution was 
used to ensure that no error was introduced. The absorption and the transmission loss 
was found as a function of frequency at the recorded sound speed, salinity and 
temperature (Francois, & Garrison, 1982; Mackenzie, 1981). The averaged 𝐻(𝑓, 𝜃) for 
each bin was found by substituting match filtered transmitted and received signal and 
theoretical value of 𝐹𝑏𝑠(𝑓) of the sphere derived using a Matlab code developed by Chu 
(2011) based on Faran (1951) and (Foote, & MacLennan, 1984). 
Once a single target in the echogram was confirmed as an organism of interest, the 
acoustic data was extracted by windowing the pulse-compressed signals with a Hanning 
window, that extends 0.4 m on either side of the peak. Extra care was taken to ensure 
that there were no other scatterers in the vicinity. Earlier in Chapter 5, a window length 
of 0.7 m was used to extract 𝑅𝑃(𝑓), but it was not possible to use a window that long in 
the open ocean due to the presence of multiple organisms. The signals from 0° – 3.5° 
were divided into off-axis bins of width 0.5°. To provide a conservative estimate data 
beyond a 68% confidence interval from the mean 𝑇𝑆 were removed. This could eliminate 
several signals but was deemed imperative as a precautionary measure to minimise the 
artefacts and interference from other sources within the window. For each ping, 𝑇𝑆(𝑓) 
was computed by substituting the magnitude of 𝐻(𝑓, 𝜃) interpolated to the off-axis angle 
𝜃 in Eq. (7.2) and Eq. (7.3).To derive 𝑅𝑃(𝑓) the complex 𝐻(𝑓, 0) function was used in 
the Eq. (7.2) and Eq. (7.4). 
7.2.4 Scattering model 
In this study, a simple scattering model consisting of a gas-filled sphere with 
homogenous acoustic properties has been used. The model is an approximation to 
predict backscatter from fishes with swim bladders or gaseous bubbles and has been 
previously used in fisheries with different modifications (Andreeva, 1974; Weston, 1967; 
Ye, 1997b). The complex backscattering amplitude, 𝐹𝑏𝑠(𝑓) from a gas-filled sphere of 
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equivalent radius, 𝑎 (m) can be expressed as Eq. (7.8) (Morse et al., 1969). The sphere 
acts as a point source independent of the orientation. 
 
𝐹𝑏𝑠(𝑓)  =
𝑎
𝑓0
2
𝑓2
− 1 −
1𝑖
𝑄
 
(7.8) 
 
Here 𝑓0 is the resonant frequency, and 𝑄 is the quality factor that is the inverse of the 
damping constant 𝛿). Various components (thermal, viscous and radiation) contribute to 
the damping constant (Devin Jr, 1959). For a typical fish swim bladder, the value of Q is 
5 (Diachok, 2001), which is also used as an approximation in the absence of accurate 
values (Lavery et al., 2007). 𝑓0 remains a function of the radius and the depth, D (m) as 
given by Eq.(7.9). 
 𝑓0 =
1
2𝜋𝑎
(
3𝛾(𝑃0(1 + 0.1𝐷))
𝜌
)
1
2
  (7.9) 
 
Here 𝛾, (𝛾 = 1.4) is the ratio of the specific heat of the body, and the outer fluid, 𝑃0 (𝑃0 =
1.103 × 105 Pa) is the pressure at the surface, and the density is 𝜌 (𝜌 = 1027 kg/m3. In 
the absence of any empirical data, the values used were from earlier literature (Medwin, 
& Clay, 1998). 𝑇𝑆(𝑓) and 𝜑𝑏𝑠(𝑓) can be computed via Eq. (7.10) and (7.11). 
 𝑇𝑆(𝑓) = 10 𝑙𝑜𝑔10 |𝑎
2 ((
𝑓0
2
𝑓2
− 1)
2
+
1
𝑄2
)
−1
|  (7.10) 
 
 𝜑𝑏𝑠(𝑓) = 𝑢𝑛𝑤𝑟𝑎𝑝 (𝑡𝑎𝑛
−1 (𝑄−1 (
𝑓0
2
𝑓2
− 1)
−1
))  (7.11) 
7.3 Results  
The PLAOS deployment of approximately 2.5 hours generated 12 GB of acoustic 
recordings with scattering from many single scatterers (2-20 cm fishes, squid, 
crustaceans and gelatinous), multiple scatterers and noise. The vertical and oblique 
cameras took approximately 5000 photographs (~40 GB) in 1 hour and 19 minutes 
duration.  2.78 GB of video footage was recorded. When taut, the tether coupled wave-
induced ship motion to the PLAOS, causing it to undergo significant periodic vertical 
motion during the upward movement of the platform. Thus the investigation was limited 
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to the time the PLAOS was free-falling downward with a loose tether. 
Many resonant scatterers were identified although some, which existed in the acoustic 
data, were not discoverable in the photographs. Several myctophids were observed but 
identifying them on the photographs was difficult due to their swimming patterns and 
avoidance of the platform. The spectra of five selected targets are presented as 
examples. 
Even though the information obtainable from the photographs was insufficient to allow 
theoretical 𝑅𝑃(𝑓) curves to be computed for the organisms, it was significant to 
determine whether in practice, it can be used as an acoustic discriminator and if it 
depends on the target’s characteristic features. An approach to test the proposition was 
to fit both 𝑇𝑆(𝑓) and 𝑅𝑃(𝑓) to the prediction of a numerical scattering model by adjusting 
the model’s parameters. Three examples of resonant scatterers found at different depths 
and with distinct resonant frequencies were fitted to the output of a resonant gas filled 
numerical scattering model. The spectra of an unknown fish and a squid is also shown, 
however no attempt has been made to fit these to data. 
In the first example, the acoustic signature of a possible gas-filled target was matched to 
the output of a numerical scattering model of a gas-filled sphere (Figure 7.3). A single 
target could be seen in the echogram from ~11 m to ~5m. The target at ~7 m (green box) 
when transformed to image coordinates pointed to a group of targets. From the photo, it 
could not be confirmed if the targets were of biological or non-biological origin and if they 
had gas inclusions. It can be concluded that this target was not a large mesopelagic 
organism. 
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Figure 7.3: A single target detected on the video (not marked) and (top left) echogram (top right). 
The transformation at ~7 m (green box) to the still image points to small targets (middle). The left 
middle image is zoomed to produce middle right image. It could not be confirmed if the targets 
were biological or non-biological. The 𝑇𝑆(𝑓) (bottom left) and 𝑅𝑃(𝑓) (bottom right) between 55 – 
90 kHz at all the three points matched to the output of the numerical model of a gas-filled sphere 
(red dotted line). The line colours blue, green and black on the bottom row correspond to the 
target positions seen in the top right echogram 
The 𝑇𝑆(𝑓) and 𝑅𝑃(𝑓) of the target were plotted at different ranges, ~9 m, ~7.5 m and 
~6.5 m, from the transducer (shown by blue, green and the black box). 𝑇𝑆(𝑓) was 
consistent at all three points, exhibiting resonance at 69.5 kHz with a maximum target 
strength of -54 dB. The corresponding 𝑅𝑃(𝑓) curve moved from +29° to -20° passing 
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through 0° at the resonant frequency, 69.5 kHz. The low signal to noise ratio at the high 
range (~9 m) led to larger fluctuations in the 𝑅𝑃(𝑓) as compared to 𝑇𝑆(𝑓) but improved 
as the target came nearer to the transducer. The simple numerical model for a gas-filled, 
homogenous sphere outlined in section 1.2.2 was fitted to the data. For the set of 
features, 𝑄 =  5 𝑎 =  0.39 mm and 𝛾 = 1.4, the model output (red dotted line) 
simultaneously fits 𝑇𝑆(𝑓) and 𝑅𝑃(𝑓) responses. 
In another example, the acoustic signature of a single target at 633 m depth and 3.5 
range from the transducer was plotted (Figure 7.4). 
 
Figure 7.4: A single target (red box) observed between 3 and 4 m from the transducer (top). The 
𝑇𝑆(𝑓) (bottom left) and 𝑅𝑃(𝑓) (bottom right) between 55 – 90 kHz fitted to the output of the 
numerical model of a gas-filled sphere (red dotted line). 
The target could not be verified optically in the photograph. The 𝑇𝑆(𝑓) exhibited resonant 
characteristics with a peak of -51.8 dB at 64 kHz. The 𝑅𝑃(𝑓) moved from a maximum of 
43 0° to minimum 23.1° between 58 kHz to 69 kHz passing through 0° at the resonant 
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frequency, 64 kHz. The signal was noisy between 100 kHz and 160 kHz. Both the 𝑇𝑆(𝑓) 
and 𝑅𝑃(𝑓) of the scatterer matched to the theoretically predicted output values for a 
modelled gas-filled sphere of radius 0.37 m and Q of 7. 
A fish was seen in the video directly below the sphere when the platform was at a depth 
of 469 m (Figure 7.5). 
 
Figure 7.5: A fish below the sphere in the video clip (top left.) The corresponding target enclosed 
in a red box on the echogram (top right). The conversion of acoustic to the pixel coordinates points 
(in red circles) to a fish in the image (middle left). A zoomed view of the image showing fish and 
stationary targets (middle right). The target strength (bottom left) and the residual phase (bottom 
right) drawn to the frequency. 
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This corresponded to a single target in the echogram, which pointed to a fish in the still 
image after the transformation. The mark on the photograph encircled the whole fish. But 
when zoomed in, a few small targets were also seen and therefore, the possibility of 
them as a scattering source could not be ignored. The stationary target could not be 
verified and is unlikely to be a large fish as the fish was mobile and not seen in 
subsequent images. A target in an image can be at any range that could be resolved by 
stereo optics depending on the object size and optical resolution. 
The 𝑇𝑆(𝑓) was typical for a resonant target ranging from --75 dB at 55 kHz to a maximum 
of -54 dB at the resonant frequency 87 kHz, beyond which it dropped to -70 dB at 160 
kHz. 𝑅𝑃(𝑓) progressed from maxima to the minima through 0° at the resonant frequency. 
Both the curves simultaneously matched to the output of the numerical model (red dotted 
line) for gas-filled spheres for, 𝑄 =  8, 𝑎 =  0.24 mm and 𝛾 = 1.4. The noise degraded 
the 𝑅𝑃(𝑓) curves affecting the interpretation, especially below 60 kHz.  
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Another fish was seen in the video ~2.5 m and as a single target on the echogram (Figure 
7.6). 
 
Figure 7.6: A fish visible at the ~3 m in the video (top left). A single target corresponding to the 
same depth and time enclosed within a red box in the echogram (top right). The conversion from 
the acoustic coordinate to the photo pointed to the fish (middle left). A zoomed view of the fish 
(middle right). The 𝑇𝑆(𝑓) (bottom left) and the 𝑅𝑃(𝑓) (bottom right) plotted to the frequency. 
The spatial transformation confirmed the single target in the echogram as a fish. 𝑇𝑆(𝑓) 
was steady at -60 dB but structures were noticed at 80 and 150 kHz. 𝑅𝑃(𝑓) followed the 
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same pattern starting from ~0° and a sudden dip to -100° at 80 kHz and 150 kHz. This 
particular acoustic signature was observed several times in the acoustic recording. In the 
echogram, the target was seen to modify its movement as the platform came nearer to 
it (~8 m). This particular example was chosen because of the close range to the camera. 
The sphere and the strobe light attracted squid near the platform providing some good 
imagery and acoustic datasets. However, most of the time they were observed near the 
sphere. A squid at a range ~5 m was seen in the video at a platform depth of 611 m 
(Figure 7.7). 
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Figure 7.7: A squid is seen in the video clip (top left). A single target corresponding to the time 
and range in the echogram is highlighted by a red box (top right). The conversion of acoustic to 
the pixel coordinates in the image points to a squid (red circles) (middle). The 𝑇𝑆(𝑓) (bottom left) 
and the 𝑅𝑃(𝑓) (bottom right) obtained from the acoustic data. The plotted 𝑇𝑆(𝑓) and phase results 
were from a single ping. 
The time and the range matched a specific target in the echogram. The acoustic 
coordinates, when transformed pointed to a squid in the corresponding photograph. The 
𝑇𝑆(𝑓) was at -52 dB, with alternate nulls varying up to -20 dB due to the destructive 
interference from waves at the different interface. No definite pattern was visible in the 
𝑅𝑃(𝑓). This does not mean that 𝑅𝑃(𝑓) was inefficient. The pattern was meagre because 
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of the inversion in the phase between, 65 and 130 kHz probably due to the incomplete 
unwrapping and and the particular target orientation. 
7.4 Discussion  
The study measured the acoustic signatures of five different micronekton and at the 
same time tried to establish if 𝑇𝑆(𝑓) and 𝑅𝑃(𝑓) drawn together could be of any 
significance in remote detection of marine organisms. Though many targets were 
observed, the synchronous analysis was limited to five targets of different behaviours 
and responses as the goal of the chapter was to demonstrate the realisation of the 
method. Three techniques were used in the study. 
1. The application of geometric transformations to allow acoustic targets to be 
localised in optical images. 
2. Broadband acoustic signatures consisting of both 𝑇𝑆(𝑓) and 𝑅𝑃(𝑓) spectrum. 
3. An amplitude and phase inclusive numerical acoustic scattering model for gas-
filled sphere targets. 
The challenges and limitation of each are discussed. 
7.4.1 Acoustic-optics conversion.  
The unification of the acoustics, video and photos via the spatial transformation 
technique (section 7.2.3.2) enabled visual of all the targets analysed. In some cases, 
bias was noticed in the transformation outcome, especially when the photographs were 
zoomed out. This could be due to specific issues that remained unresolved by the 
algorithm.  
1. The location of a scatter in the echogram was determined in the electric angles 
by the split-beam processing. It was assumed that the geometrical angles 
matched to the electrical angles, but this could not be confirmed by an 
independent experiment.  
2. The tilt angles of each instrument were evaluated at the time of onboard 
installation. Any variation in these values could lead to significant errors as these 
act as input to the algorithm. 
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3. The camera specifications provided by the manufacturer were used. It is usually 
recommended to perform an independent assessment of the camera 
specification. However, this was not attempted due to logistic and time 
constraints. 
The frame rate of the camera (one every two seconds) was lower than the ping rate of 
the echosounder. As a result, many organisms (more than 50) were rejected even though 
they were visible on the echogram and the video. Conversely, several times, animals 
were detected in the photo and the video but were outside the acoustic sampling volume. 
Furthermore, matching mesopelagic fishes was a challenge due to their constant and 
fast swimming movement. The fishes showed sensitivity to the flashlight (seen in the 
video), and the platform motion and hence very few came within the acoustic sampled 
volume at ranges at which they could be optically identified. As a result, the analysis of 
the 1.5 hours of data was a time consuming and lengthy procedure. 
In this study, single lens, camera and echosounder measurements were quantitatively 
integrated. A single-lens camera is usually limited to qualitative scrutiny of the sampled 
biota such as size estimation, species identification (Dunlop et al., 2018; Warren, & 
Wiebe, 2008) or behavioural modification (Macaulay et al., 2012). Using a single camera 
had several limitations. Even if the position of a specific acoustic target is known, it 
cannot be distinguished optically from targets at other ranges that appear at the same 
location in the image. Thus, it is not possible to verify if the acoustic and optical targets 
are the same without more spatial or temporal information such as multiple images with 
acoustic registration. By contrast, a stereo vision or set of two cameras 3D system can 
optically determine the target range, which makes misidentification much less likely 
(Kang et al., 2005). A sophisticated stereo video was used by Takahashi et al. (2004) to 
identify and estimate the length of fish up to 300 m and by Sawada et al. (2009) to 
measure the tilt angles and length of anchovies. Briseño-Avena et al. (2015) used an 
advanced system to undertake broadband measurements from single copepods with 
stereoscopically calibrated microscopes. 
The effectiveness of a camera is limited by its optical resolution or the real dimension a 
pixel represents. The size of the smallest object a camera can detect or the optical 
resolution plays an important role in the verification of the target. Targets smaller than 
this optical resolution cannot be verified. The spatial resolution is determined by the 
physical specification of the camera, surrounding environment and field of view. For the 
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vertical camera (Canon EOS-1D X).Table 7.5 gives the horizontal distance 
corresponding to one pixel as a function of range. 
Table 7.5: The optical resolution of the vertical camera as a function of range 
Range (m) 
Optical resolution of 
the vertical camera 
(Canon EOS-1D X) 
(mm) 
1 0.8 
2 1.5 
3 2.3 
4 3.0 
5 3.8 
8 6.0 
10 7.5 
 
A 1-pixel resolution of the photograph corresponds to an object 1.5 mm at 2 m range, or 
6 mm at 8 m range. In practice, multiple pixels are required to detect and identify an 
object, for example, a 3 cm fish at 4 m would have at most 10 pixels. This limits the size 
of the smallest object that can be resolved by the camera. Even if the transformation 
matrix points to an object in a photograph, the possibility of it corresponding to the single 
target detected in the echogram is limited by the optical resolution at that range. Thus, 
in all the examples shown in the result section, a possibility of the acoustic backscattering 
coming from a surrounding target smaller than the optical resolution cannot be ruled out. 
Further, even if stereo cameras are used, the ability to differentiate two objects will be 
limited by its resolution. 
7.4.2 Broadband acoustic signature  
One of the main improvements with the broadband echosounder was the simultaneous 
extraction of both 𝑇𝑆(𝑓) and 𝑅𝑃(𝑓) from the backscattered echoes. 𝐻(𝑓, 𝜃) was 
computed during the deployment, which included any modification in the transducer 
parameters due to the mounting or the platform motion. 
The consistency of 𝑇𝑆(𝑓) and 𝑅𝑃(𝑓) plots of the small gas-filled target at all three ranges 
verified that the acoustic signature of a single target is unique and that together 𝑇𝑆(𝑓) 
and 𝑅𝑃(𝑓) can be reliably used for characterisation of acoustic targets. The position of 
the gas-filled target changed within the acoustic beam due to the continuous movement 
but 𝑅𝑃(𝑓) spectra remained consistent for different pings. This result validated the 
insensitivity phase to the target position (in Chapter 5) and thus the use of on-axis system 
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response in the computation. This result could be significant for the identification of 
organisms without the need for compensation for the directivity as done for 𝑇𝑆(𝑓) 
measurements. The acoustic signature of other two resonant targets (an unknown and 
a fish) further confirmed the stability of 𝑅𝑃(𝑓)for each target. On the downside, 𝑅𝑃(𝑓) 
profiles were prone to the presence of noise that significantly impeded visualisation of 
the actual target induced phase in some cases. This was evident at the extremes of the 
frequency bands, which was probably due to the lower SNR. 
The 𝑇𝑆(𝑓) of the squid (Figure 7.7) matched the spectra shown in Jones et al. (2009) 
and Lee et al. (2012). The ping-to-ping variation (not shown in the figure) was probably 
due to the change in the orientation and scattering from different parts such as the 
tentacles or the mantle. The squid was found near to the sphere, which is a strong 
scatterer as compared to the squid. Hence, possibilities of contamination due to the 
overlap of side lobes could not be ruled out. In the video footage, each time a squid was 
found, it was near the sphere leaving no chance to derive their acoustic spectra without 
contamination. Therefore, it would be worthwhile investigating the acoustic spectra of 
squid in other deployments without the calibration sphere. The 𝑇𝑆(𝑓) of the fish in Figure 
7.5 is typical of adult mesopelagic fish, where the gas-filled thin-walled swim bladders 
contribute to the overall backscattering (Butler, & Pearcy, 1972). The signature was 
noisier due to the low signal to noise ratio at the higher range. This acoustic signature 
shown in Figure 7.6 was observed several other times during the deployment. However, 
the quality of the optical images was insufficient to allow identification of the fish species  
The difference in the 𝑅𝑃(𝑓) plots confirmed its link to the shape, size and the material 
properties of the organisms. The calibration would be simple, as it would only require 
determining the on-axis system response or off-axis response. One of the challenges 
would be to avert the incomplete unwrapping that leads to an abrupt jump in the phase 
by ±360°, as seen in the case of squid. In the previous chapter, the window length was 
increased to 0.7 m. This was not realistic in an open ocean due to the presence of several 
targets in proximity. 
The current study presents the first set of frequency responses of the target phase of in 
situ live organisms. Despite an extensive set of literature available on the processing and 
analysis of phase, the measurements achieved so far could not indicate its efficacy as a 
reliable acoustic index for characterisation. Earlier, Barr, and Coombs (2005) obtained 
the target phase of three fishes and compared the result to the model output. This was 
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achieved at a single frequency of 38 kHz, and the precision could be argued due to the 
absence of system calibration. Atkins et al. (2007) presented phase measurements in 
angles from copepods and euphausids with LFM across 1600 – 2500 kHz. 
7.4.3 A comprehensive numerical scattering model. 
A common practice in marine acoustics is to estimate the relationship between an 
organisms characteristics and the target strength by using numerical scattering model 
(Horne, & Clay, 1998). This study attempted to investigate if like target strength, residual 
phase could also be linked to the target physical and morphological features. The 
comparison of the measured 𝑅𝑃(𝑓) from three different resonant targets to the output of 
a numerical scattering model for gas-filled sphere verified that 𝑅𝑃(𝑓) describes the target 
characteristics in the same way as the echo amplitude or 𝑇𝑆(𝑓). The in situ 𝑅𝑃(𝑓) 
measurements were consistent (from ping to ping) at the different range and in the case 
of the resonant target agreed with the theoretical phase at all points (Figure 7.3). Even 
for the two other resonant targets with a disparate resonant frequency, the 𝑇𝑆(𝑓) and 
𝑅𝑃(𝑓) simultaneously fitted to the output of the numerical scattering models. This 
provided a strong basis to the hypothesis that 𝑅𝑃(𝑓) can be useful as an acoustic metric. 
For all the three resonant targets, 𝑇𝑆(𝑓) was maximum, and the corresponding 𝑅𝑃(𝑓) 
was 0° at the resonant frequency. 
The results presented in this chapter are preliminary and intensive efforts are required 
to substantiate the use of  𝑅𝑃(𝑓) as an acoustic classifier. For example, ex-situ 
experiments can be performed with a fish of known geometric and physical parameters 
and the acoustic backscatter be recorded. A comparison of the 𝑅𝑃(𝑓) value derived with 
the output of the numerical model will enable assessment of phase as an acoustic 
classifier. Furthermore, exact or approximate analytical models for different shapes 
should be extended to predict the theoretical 𝑅𝑃(𝑓) values (Jech et al., 2015). This would 
enable evaluation of 𝑅𝑃(𝑓) for other acoustic groups such as zooplankton, cephalopods 
or crustaceans. 
7.5 Conclusion  
The remote sensing of the mesopelagic micronekton is presented in this chapter. The 
broadband echosounder together with the video and still camera mounted on PLAOS 
platform, served as a comprehensive tool to sample micronekton. The combination of 
the acoustic and optics coordinates provided qualitative verification of the single targets 
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observed in the echogram, although due to the small size of the resonance gas 
inclusions this was sometimes ambiguous. The frequency response of the target strength 
and residual phase of five different targets (a squid, mesopelagic fish, two small targets 
gas-filled unknown target) enabled confirmation of the proposed method. The target 
strength and residual phase of each target (except the squid) was consistent from ping 
to ping. The matching of the numerical acoustic scattering model outputs to the 
measured acoustic signature of an in-situ small gas-filled target, an unknown target and 
a mesopelagic fish provided validation to the inclusion of the residual phase as a reliable 
acoustic index. The implementation of this technique in the future could provide an 
avenue to study the spatial-temporal dynamics of micronekton and investigate their 
distribution. 
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Chapter 8 
 
 
Discussion, recommendations and 
conclusion. 
 
The research presented in this thesis focuses on the development and implementation 
of a technique for the calibration of a broadband echosounder to allow it to measure the 
frequency response of target strength and phase. The feasibility of the method was 
explored through its application to in-situ micronekton distributed in the mesopelagic 
regions of the Great Australian Bight and the Southern Ocean. A procedure was 
developed to simultaneously calibrate the echosounder for both target strength and 
phase measurements, and an evaluation was carried out to explore its capabilities and 
limitations. The approach uses the same system response function to derive the target 
strength and phase by keeping the variables in complex form. It was also important to 
ascertain that the outputs were not affected by variations in the transducer parameters 
from the manufacturer provided nominal values due to external factors (such as 
mounting and local environmental variables). This research makes a significant 
contribution to the field of remote sensing using broadband echosounders by providing 
a distinct calibration and characterisation technique and exploring a new acoustic 
classifier. The main goals achieved were 
1. Development of a technique to calibrate the target strength measurements of a 
broadband echosounder and extract the frequency response of target strength of 
a target compensated for the transducer directivity for its position. This was 
achieved by calculating the system response function for all off-axis positions 
within the main lobe using a calibration sphere. Instead of a mathematical 
function, the system response function was used to compensate the
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 measurements. The technique was explored for fast and slow ramp transmission 
settings. 
2. The system response function was extended to measure the effective 
geometrical and directional parameters of the transducer. In the same calibration 
experiment, the difference between the measured and modelled beam pattern 
was minimised in the least-squares sense by allowing the geometrical parameter 
to vary within a specified range. The effective GP of the transducer was found to 
be constant across the entire frequency. 
3. A new acoustic variable; residual phase was quantified to visualise the target 
induced phase distortion in the backscattered echo. This was done to overcome 
difficulties in interpreting the absolute phase due to its inherent phase wrapping 
and high fluctuations in the differential phase. 
4. A Simrad EK80 broadband echosounder was calibrated for the phase 
measurements. Later the frequency response of all the three-phase variables 
(absolute, differential and residual) were derived for two sphere targets in all the 
positions within the main lobe. This was obtained by using the system response 
in the complex form. 
5. The developed technique was applied to derive the in situ 𝑇𝑆(𝑓) of different 
organisms from the Great Australian Bight region. For the purpose, the system 
response was calculated by suspending a sphere underneath the transducer and 
allowing it to move to all positions. 
6. The frequency response of the target strength and phase of in-situ micronekton 
from the Southern Ocean region was derived. This was achieved by determining 
the in-situ system response function of the transceiver in complex form for a large 
number of target positions. Depending upon the requirement, the magnitude or 
the complex form of system response function was used in subsequent 
processing. 
7. A technique to combine the acoustic and optical measurements was formulated. 
The basis was the use of transformation matrices which allowed the rotation and 
translation of the target position from one coordinate system to the other. 
8. The utility of target phase measurements was demonstrated by inverting the 
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target strength and phase measured for an optically verified target to predict the 
characteristics. 
8.1 Contribution and significance 
8.1.1 Calibration for the target strength 
Chapter 3 investigates the calibration of a broadband echosounder for the frequency 
response of the target strength variable. The approach was based on the work of 
Stanton, and Chu (2008) with the extension that the frequency-dependent system 
response function was expanded to include the off-axis angles. The performance of the 
calibrated system was explored using scattering from standard sphere targets, WC22 
and WC38, which allowed comparison between the measured and theoretically 
predicted values. The suggested system response function efficiently includes the beam 
pattern effect, the amplitude ramping and even the response of the system phase 
function. 
For the transducer used in these tests, the compensated 𝑇𝑆(𝑓) achieved with system 
response function showed improvement in comparison with the modified Bessel function 
method. The process was stable enough to compensate data beyond the half beamwidth 
(3.5°). The system response function was found to change when the echosounder's 
transmit amplitude ramping was changed. However, 𝑇𝑆(𝑓) was adequately 
compensated for the position of the target within the beam by whichever system 
response function was appropriate to the transmit amplitude ramping used for the 
measurement. 
Calibrating an echosounder in a survey location is difficult, particularly when the 
instrument accuracy is restricted by the preciseness of the parameters provided by the 
manufacturer. The result from this particular study indicated that the system response is 
capable of extracting the compensated 𝑇𝑆(𝑓), irrespective of the knowledge of the 
effective beamwidth. 
A somewhat similar concept was adapted by MacLennan, and Svellingen (1986), for a 
single-beam transducer where the mean sensitivity was determined for the entire beam 
by partitioning it into seven cross-sections of equal areas. The number of data points 
was as low as 30. In the current study, even though the sensitivity was averaged for each 
off-axis bin, the intention was to collect as many samples as possible. Even though a 
similar result could be achieved with fewer data points, it is not recommended as it could 
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compromise the accuracy of the calibration result. 
8.1.2 Calibration for the target phase  
One of the main aims of the thesis was to substantiate the target phase as a new metric 
in acoustic analysis and apply it to identify a scatterer's characteristics from the 
backscattered echo. Chapter 5 theoretically and experimentally investigated the 
application of the system response function for phase extraction and calibration. To the 
candidate's knowledge, the result comprises the first set of phase measurements 
undertaken with Simrad EK80 and includes the effects of transducer directivity and 'fast' 
and 'slow' amplitude ramping. A crucial aspect of this study is that it confirmed the 
theoretical prediction that the system phase response should be independent of the 
target position within the transducer's main beam. This is a significant result for fisheries 
acoustic surveys because any target moving in the acoustic beam would have a 
consistent phase irrespective of its position within the beam. However, if the target 
changes orientation when moving through beam possibly both the amplitude and phase 
response would change depending on the structure of the organism. 
Earlier studies had indicated the difficulty of using absolute phase, 𝜑𝑏𝑠 (𝑓) as a 
quantitative indicator, as it was prone to the effects of the range and frequency 
accumulation. To rectify the effect variables such as the rate of change of phase (Barr, 
& Coombs, 2005), gross phase shifts (Bolus et al., 1982) and phase differences (Atkins 
et al., 2007) have been proposed each with its own set of merits and limitation. The 
current study introduced two variables, the differential 𝐷𝑃(𝑓) and the residual phase 
𝑅𝑃(𝑓) to visualise the target induced phase distortion. 
𝐷𝑃(𝑓) was calculated by differentiating the absolute phase with respect to the frequency. 
𝑅𝑃(𝑓) was obtained by subtracting the product of frequency and median of the 
differential phase from the absolute phase. The obtained spectra of 𝜑𝑏𝑠 (𝑓), 𝐷𝑃(𝑓) and 
𝑅𝑃(𝑓) for the two spheres (WC22 and WC38) were evaluated through comparison with 
the respective modelled response. Even though 𝐷𝑃(𝑓) exhibited the target-induced 
phase, this was overshadowed by the resonant induced nulls of the sphere, which made 
interpretation of the phase at another frequency difficult. The frequency response of 
𝑅𝑃(𝑓) appeared stable and displayed the more subtle target induced phase variations 
even near its resonant frequency. 
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8.1.3 Characterisation of the geometrical and directional 
parameters of a broadband split-beam transducer 
One of the research topics was the development of a broadband specific method for the 
determination of the transducer parameters. In Chapter 4, the algorithm framework was 
used to quantify the effective values of the transducer’s geometrical (ratio of transducer 
radius to segment distance) and directional parameters (beamwidth, beam pattern). An 
optimisation model was formulated that allowed selecting the most suitable geometrical 
parameter from a set of available values for the minimisation of the cost function. For the 
specific transducer, the effective geometrical parameter and the beamwidth both were 
found to be almost independent of frequency. The GP was higher (4 - 5%) from the 
nominal value, whereas the directional parameter was slightly lower (3 - 4%) than the 
nominal value. The results were verified by estimating 𝑇𝑆(𝑓) with the derived and 
manufacturer-quoted values. In this case, using the nominal value leads to an under-
compensated 𝑇𝑆(𝑓) that was rectified by the use of derived effective parameters. 
Several studies had earlier quantified the variation of the beamwidth from the nominal 
values (Ona, & Vestnes, 1985; Reynisson, 1998) for a constant frequency. In these 
earlier studies, the directivity of a transducer was usually evaluated by mapping the beam 
at several positions and fitting it with a mathematical function (bicubic spine or a modified 
Bessel function) (Degnbol, 1988; Kieser, & Ona, 1988; MacLennan, & Svellingen, 1986; 
Ona, 1990a). In the case of a broadband echosounder, uncertainties in the parameters 
due to the wide frequency bandwidth need to be tested and verified. The model 
employed in this study is simple and could be useful in a survey for assessing the 
beamwidth even with fewer data points across the acoustic beam. Measurements should 
be carried out on other transducers to substantiate the model. 
8.1.4 In situ target strength and residual phase of optically 
verified micronekton 
Although the results in Chapter 3 and Chapter 5 demonstrated the capability of the 
proposed algorithm for the calibration and processing of broadband echosounder data 
for target strength and phase measurements, it remained pertinent to investigate the 
practicality of applying the proposed algorithm to in-situ live micronekton. Chapter 6 uses 
a preliminary set of data collected from mesopelagic depths of the Great Australian Bight 
to extract the frequency-dependent target strength from selected single targets (Verma 
et al., 2017). Plausible results were obtained for targets with different acoustic scattering 
features; however, in the absence of any visual verification, the target types could not be 
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verified. The problem motivated the installation of an EK80 broadband echosounder on 
the PLAOS platform to allow simultaneous optical and acoustic sampling of the 
mesopelagic biota. This formed the basis for chapter 7. 
Chapter 7 used acoustic data taken from the improved PLAOS system deployed in the 
Southern Ocean that provided live video recordings and real-time images of the 
organisms sampled by the echosounder. An attempt was made to ensure that the 
signatures of only optically identified micronekton were processed. The 3D 
transformation model allowed checking for the identity of the acoustic targets, yet the 
investigation of just 2 hours of data proved to be a substantial effort. Even though 
hundreds of organisms were found by the echosounder, they rarely matched the 
concurrent photo. Moreover, the use of a single camera limited range resolution and 
organism avoidance made the task difficult. 
The first set of acoustic signatures (frequency response of target strength and residual 
phase) from different types of organisms (fish and small gas-filled targets) appear 
promising, as they were consistent for all the pings and at different depths. The new 
variable, residual phase, proved to be more prone to noise than the target strength but 
gave consistent results from ping to ping when the signal to noise ratio was sufficient. 
Squid were strongly attracted to the calibration sphere, which made it impossible to 
obtain uncontaminated acoustic signatures of these animals from data collected during 
this deployment. However, this should be possible during future PLAOS deployments 
without calibration spheres. 
The underlying algorithms on which most acoustic scattering models are based 
inherently calculate both the amplitude and phase of the scattering function, but usually 
only output the amplitude component in the form of target strength. Relatively simple 
modifications, such were made here for a resonant bubble model, would be required to 
allow these models to also output the modelled phase so that this can be compared to 
measured phase as an aid to target classification. 
8.2 Limitations 
1. A significant aspect of the echosounder is the application for echo integration for 
abundance and density estimates that requires calibration of the equivalent beam 
angle. The evaluation of the effective equivalent beam angle involves the 
determination of the actual angles evaluated by a geometrical method instead of 
Chapter 8: Discussion and Conclusion   132 
 
 
 
the split-beam processing as exhibited by Simmonds (1984) and Ona, and 
Vestnes (1985) or even Reynisson (1998). This requires an independent 
measurement of the absolute position of the target. In the study undertaken, the 
electrical angles were used and hence estimating volume backscattering strength 
using a system calibrated by this method is not recommended unless an 
independent measurement of equivalent beam angle is available. 
2. In fisheries acoustics, elliptical or rectangular transducers are sometimes used. 
The system response in this study was formulated for the off-axis angle of circular 
transducers. Nonetheless, the process can easily be extended to non-circular 
transducers by making appropriate adjustments to include the angles along the 
major and minor axis. 
3. The resonance peak of the calibration sphere introduces an artefact into the 
system response function that leads to unwanted spikes in the target response 
curves. During the experiment, the peak was removed by ignoring the 
corresponding frequency region, but this could be undesirable in a situation 
where the system bandwidth includes multiple calibration sphere resonances. 
Methods to avoid this could comprise interpolating the system response in the 
resonant frequency region or using multiple calibration spheres with resonances 
at different frequencies. 
4. The 3D transformation model presented in chapter 7 provided a reasonable 
estimate of the expected location of acoustically sampled objects in the still 
photographs. There is, however, still a certain degree of ambiguity in the 
identification of the target. This was mainly due to the use of the single-lens 
camera, which lacked a sense of depth. Moreover, the model was complicated 
due to the inclusion of several coordinate systems in the transformation model. 
To avoid this ambiguity in future, further research should be conducted using 
synchronised stereo cameras. 
8.3 Summary of thesis contribution 
The contributions achieved in the thesis are described below: 
1. Developing a method to calibrate a broadband echosounder that allows it to 
measure both the amplitude (target strength) and phase of a target’s scattering 
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response as a function of frequency (Chapter 3 and Chapter 5). 
2. Establishing that this method correctly compensates the target strength 
measurements for the target’s position in the beam and that, at least for the tested 
transducer, the phase measurements are independent of the position of the 
target in the beam. Theory suggests that this latter result is likely to apply to the 
majority of fisheries transducers, providing the target is within the main lobe of 
the beam pattern (Chapter 5). 
3. Developing a measure of the phase response of a target (residual phase) that 
minimises distortions caused by uncertainties in the measured range to the 
target, making it much easier to compare the measured phase response to 
scattering models (Chapter 5). 
4. Demonstrating that these methods can be applied to in-situ field data from 
descending platforms.  These field data sets included small, resonant targets, 
from which consistent results were obtained for both target strength and phase 
as the target’s range and position in the beam changed, and larger optically 
verified targets such as fish and squid that had much greater ping to ping variation 
because of their larger size and rapid movement, but gave results consistent with 
expectations. For the resonant targets, the measured phase responses were 
consistent with the predictions of a scattering model that was fitted to the 
measured frequency-dependent target strength (Chapter 6 and Chapter 7). 
These contributions required several additional tasks to be carried out, including: 
5. Characterising the geometrical and directional parameters of a split-beam 
broadband echosounder and verifying that the effective GP of the transducer is 
independent of frequency (Chapter 4). 
6. Developing a method to convert a target’s three-dimensional coordinates 
measured by an echosounder to its two-dimensional pixel coordinates in a 
photograph (Chapter 7). 
7. Extending the theoretical numerical acoustic scattering model of a gas-filled 
sphere to predict the frequency response of the residual phase (Chapter 7). 
8. Participating in two research surveys during which broadband acoustic data were 
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collected from the mesopelagic zone using descending platforms. In the second 
survey, the platform also acquired still photographs and video, allowing optical 
verification of targets. (Chapter 6 and Chapter 7). 
8.4 Recommendation for future work  
Target phase is not routinely used in the detection and classification of marine 
organisms, however, for the transducer used in this project, it was found to be unaffected 
by the position of the target in the main lobe. This result is significant for the classification 
of targets moving within the acoustic beam. This is in accordance with theoretical results 
for ideal piston transducers (Kinsler et al., 1999), but it is important that it be 
experimentally verified for other transducers. 
Many different numerical scattering models are described in the literature, appropriate to 
a variety of marine organisms (Jech et al., 2015). Although backscattered signals from a 
range of target types were collected during the deployments described in this thesis, only 
the simplest numerical scattering model (gas-filled sphere) was matched to the 
measured data. Straightforward extensions to other scattering models should allow them 
to be used to predict the frequency-dependent phase response of other types of targets. 
Some of the models that could be explored in this respect are Distorted Wave Born 
Approximation (Chu et al., 1993; Stanton et al., 1993), Kirchhoff approximation (Foote, 
& Francis, 2002) and the Finite element method (Ihlenburg, 2006). The weak targets, 
which are modelled as liquid-filled shapes, are ecologically and biologically important so 
this would greatly extend the applicability of this method. 
Lately, there has been an increase in the use of deep profiling platforms and towed 
bodies (Fernandes et al., 2003). Accurate interpretation of the output from broadband 
echosounders mounted on these platforms requires that any pressure-dependent effects 
on the transducer be compensated for by calibrating the system for both the target 
strength (Haris et al., 2017) and phase across all depths (Dalen et al., 2003; Kloser, 
1996; Koslow et al., 1997). This would enable an accurate estimation of the abundance 
and remove the uncertainties. The determination of depth sensitivity would be straight 
forward with the system utilised in chapter 7 and would require analysing the data with 
respect to the depth of the echosounder. 
The measurement of the acoustic signature of live in-situ squid shows the potential of 
the broadband acoustic method. However, the presence of the calibration sphere 
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restricted the usefulness of the data. The work could be further explored by carrying out 
other PLAOS deployments without a calibration sphere. 
One of the challenges of fisheries acoustics is developing specifies level classification 
algorithms using both target strength and phase, and investigation of how effective they 
are compared to methods that rely solely on target strength. 
8.5 Conclusions 
The thesis aimed at presenting an improved processing and analysis technique for the 
derivation of the target strength and phase spectra using a broadband echosounder. The 
system response function was flexible and included provision for the extraction of both 
the target strength and phase. The calibrations of the phase and the target strength were 
derived by using the obtained complex transfer function, which also allowed appropriate 
compensation for the target strength measurements. The method was simple but as 
accurate as of the compensation achieved with the directivity pattern models. The 
technique was successful even in the case of different ramp settings. The evidence 
supporting the flexibility of the method with both fast and slow ramped transmit signals 
was encouraging. The technique described was shown to be in good agreement with the 
standard beam models (Bessel function and LOBE algorithm). 
The non-linear optimisation model allowed verification of the effective geometrical and 
the directional parameters of the transducer. The inversion algorithm had to deal with a 
large number of variables to represent the directionality for each frequency and angle 
component. The obtained parameters provided a snapshot of the variability of the beam 
parameters within the frequency. The assumption of the broadband split-beam 
echosounder as a constant geometrical parameter transducer was confirmed. 
The thesis provides the first set of phase measurements made with the Simrad EK80 
scientific echosounders. The ‘residual phase’ was introduced as a new phase variable. 
The consistency of phase obtained across all off-axis angles from the standard sphere 
provides a basis to the hypothesis of phase as a target classifier made at the beginning 
of the research. The method was accurately implemented using a set of acoustic-sensors 
to characterise marine organism from the open ocean, which demonstrates the success 
of the method. The consistent target strength and residual phase of the real organisms 
across different pings and the matching of both the variables to the output of the 
numerical scattering model verified the method for the case of resonant targets.
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